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ABSTRACT
The School of Graduate Studies
The University of Alabama in Huntsville

Degree: Doctor of Philosophy
Name of Candidate:
Title:

College/Dept.: Industrial & Systems
Engineering
Stuart Feldman

A Methodology For Measuring Elegance In Engineered Artifacts

Elegance has been asserted to be a characteristic of good design. To be useful in
design, a measure of elegance that permits the comparison among designs is necessary.
A measurement framework is developed for elegance of engineered artifacts using factors
of usability and aesthetics. Usability is broken down into individually measurable subcharacteristics that include capability, user experience, and specific functionality.
Complex attributes of aesthetics such as the absence of visual excess or a form which
masks underlying complexity are quantified through characteristics that include
slenderness, smoothness, and symmetry. These factors are based on the techniques and
processes for integrating psychophysical attributes into engineering. This two factor
method to measure elegance is illustrated using examples from aerospace systems such as
the Boeing 707 and Concorde and consumer electronics including the PalmPilot and
Apple iPhone. A technique for the subjective measurement of aesthetic characteristics is
demonstrated in a study of aerospace vehicles. This method enables measurable
comparisons among design options and the identification of specific areas of
improvement to increase the elegance of the overall system. This method facilitates a
better understanding of design quality, and can be directly applied to decisions faced by
multidisciplinary product design teams.
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For Karin

Here’s to the crazy ones. The misfits. The rebels. The
troublemakers. The round pegs in the square holes. The ones who
see things differently. They’re not fond of rules. And they have no
respect for the status quo. You can quote them, disagree with them,
glorify or vilify them. About the only thing you can’t do is ignore
them. Because they change things. They push the human race
forward. And while some may see them as the crazy ones, we see
genius. Because the people who are crazy enough to think they can
change the world, are the ones who do. – Apple Inc.

CHAPTER 1

INTRODUCTION

Measurement is the first step that leads to control and eventually to
improvement. – H. James Harrington
Elegance in design is defined as a combination of high usability and specific
complexity-masking aesthetic characteristics. Users perceive elegant systems to be
simple, powerful, and pleasing. This work presents an argument for the thesis that
elegance can be qualitatively measured in engineered artifacts. This argument builds on
previous ideas and definitions of elegance, and presents new ways of understanding
elegance in engineering design.
Once the characteristics of elegant artifacts have been defined in such a way that
ties them back to the literature, as well as to examples of good design, it is apparent that
examples of elegance are present throughout our lives. For example, the ubiquitous,
enduring aluminum soda can is sleek, streamlined, smooth, rotationally symmetric,
slender, and highly usable yet extremely functionally limited. The incandescent light
bulb, a martini glass, pencils, chopsticks, and tablet computers are similarly elegant.
Design elegance can be measured using a two-axis framework of usability and
specific aesthetic characteristics, each of which can be individually assessed. This
framework provides a means to characterize the psychophysical nature of elegance, and
is derived from characteristics of elegance identified in the literature, from observations
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and assessments of elegant artifacts, and from the principles and philosophies associated
with good design.

1.1 Importance

Elegance is important. Understanding elegance allows the creation of better, more
usable engineered systems. Elegance provides an alternate approach to the development
of complex systems. While systems engineering provides a proven approach to
developing complex systems, it is agnostic to visual complexity: the aesthetic complexity
of a system is independent from the success or methodology of systems engineering.
Elegance results from masking a system’s resultant visual and functional complexity.
A future goal in this field of research is to be able to quantitatively influence the
resulting elegance of an engineered system, that is, to establish a process for the creation
of an elegant system. This dissertation is a key first step in this process, introducing both
a definition of what elegance means in an engineered artifact, and a methodology to
measure the contextual elegance of an engineered artifact. A logical next step, a
methodology to compare contextually different elegant artifacts, is also discussed within
this dissertation.
With a better understood definition of elegance, and the demonstrated
measurability of elegance (which allows elegance to be a traded characteristics in system
studies), elegant and inelegant artifacts are able to be consistently identified. Having this
capability, artifacts which have been measured to be elegant or inelegant can be further
studied to better characterize the creation of elegance in a qualitatively repeatable model.
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Essential to this approach is the acknowledgment and understanding of the importance of
aesthetics and usability within engineering, a concept which this work establishes.

1.2 Hypothesis
The work in this dissertation is built upon a primary hypothesis: The elegance of a
system can be measured.
Previous research on design elegance offers has characterized its importance and
proposed a set of its key characteristics (see Gelernter 1998, Billow 1999, Leff 1997, and
May 2010). While design elegance and its underlying characteristics relating to form and
function have been identified as significant attributes in this previous research, the
measured elegance of an artifact has not been previously assessed and no uniform metric
for measuring elegance in engineered systems has been established. Creating such a
framework for measurement involves effectively incorporating previously identified
definitions and qualitative characteristics into a unified measure that can fit within a
defined measurement theory.
A central assumption is that elegant artifacts are examples of good design. This
assumption is supported by the literature (Gelernter 1998, Billow 1999, Leff 1997, and
Griffin 2010) and is key to being able to define the aesthetic characteristics of elegant
artifacts. This assumption allows aesthetic philosophy, universal principles of design, and
principles of fine art and industrial design to be used to develop common characteristics
of elegant systems. In addition, several universal principles of design can be traced back
to the idea of usability, which further links the aesthetic characteristics of elegant artifacts
to functional and perceived usability.
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1.3 Contributions

This work makes three primary contributions to our knowledge of elegance in
product design. First, the work further defines the concept of elegance in engineered
artifacts by establishing that elegance is more than an aesthetic attribute. Second, it
demonstrates the measurability of elegance by specifically defining the subcharacteristics of an elegance framework and providing methodologies for measuring
each of the sub-characteristics. This framework allows conclusions to be reached about
the absolute and relative elegance of an artifact or pair of artifacts. Using the top-level
framework, it is demonstrated how one artifact can be assessed to be more elegant than
another artifact. Using the sub-characteristics of aesthetics and usability, it is
demonstrated that one artifact can measured to be elegant or inelegant overall, and
elegant or inelegant relative to another artifact. Finally, the work refines the definition of
what elegance means to complex engineered systems, providing a better understanding of
the role of aesthetics and usability in the elegance of systems.
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CHAPTER 2

LITERATURE REVIEW

Previous work into elegance in engineering and design has focused on
establishing the importance of elegance and its definition for engineering systems, using
broad definitions of elegance to evaluate existing systems, identifying potential methods
for incorporating elegance into systems, and describing possible measurement
frameworks for elegance. No previous work has identified a repeatable methodological
approach to measuring elegance either absolutely or relative to an engineered artifact.
The importance and philosophy of design elegance has been well characterized.
Through elegant designs, “[w]e get to peer briefly into what seems like a higher order
organization of our universe, and our fear of nothingness is briefly quelled” (Leff 1997,
53).
Many qualitative definitions of elegance and anecdotal descriptions of its utility
and benefits exist in the literature. Per Billow: “…elegant designs and architectures often
redefine the industry or discipline in which they operate” (Billow 1999, 75). Billow
believes that elegance bestows advantages: “… an elegant product does possess
significant advantages over its rivals. These advantages benefit all the stakeholders”
(Billow 1999, 10). Customers like using elegant products. They realize there is something
special about the product. Per Billow, customers: “…realize elegance when they
experience a product and its use. They find it is easier to make an elegant product do
what they want it to do; to them, the product’s operation is intuitive” (Billow 1999, 10).
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This implies that the customer/user is recognizing many of the intangible and difficult to
describe aspects of elegance, as well as the importance of form and beauty, in using a
product.
[Owners]…benefit by higher margins on the product. Because of their
typical acceptance in the marketplace, elegant products can command
higher prices… elegant solutions often times are very efficient, producing
more output for less input and as a result have lower costs to produce,
operating and maintain. (Billow 1999, 10)
For designers, “Elegant designs are usually simpler that their kludgey
counterparts, making them easier to specify, and they require fewer accommodations for
complex interactions…. An elegant system could easily require half the code of a more
poorly written system; writing, debugging, documenting, and maintaining less code is
much easier and cheaper” (Billow 1999, 10).
For manufacturers, elegant products are “much easier to make since they often
have fewer components and are less sensitive to variability in the manufacturing process”
(Billow 1999, 10).
Billow continues: “These advantages to the stakeholders are so pronounced that
truly elegant products and services often create or redefine an industry” (Billow 1999,
10). Much like Leff reiterates, elegance benefits designers, owners, manufacturers and
customers.
Schumacher discusses what makes elegance so special and so different, both
despite of, and because of its restraint: “And it is precisely this mainstream appeal of
elegance that runs counter to the very self-conception of any avant-gardism. On the count
of radicalism the pursuit of strangeness and the construction of ‘abstract machines’ is
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more productive than anything one might expect from the pursuit of elegance. However,
innovation involves more than radical newness” (Schumacher 2007, 30).
Gelernter is uncomfortable with the way something looks being separated from
the way something works. This is manifested with the removal of that artistic-type from
the fields of science and engineering over the years: “Insisting on the scientist-type
versus artistic-type distinction reflects the sort of dense bureaucratic worldview in which
happiness hinges on everyone’s keeping his three-ring binder neat” (Gelernter 1998, 17).
Both Billow and May reference Antoine de Saint-Exupery, the French aircraft designer,
when he said: “A designer knows he has achieved perfection not when there is nothing
left to add, but when there is nothing left to take away.” (Billow 1999, 12), (May 2010,
105).

2.1 Definition of Elegance

While elegance intersects with a broad area of topics in both arts and sciences,
existing work specifically in elegance is limited. Four sources have shaped the current
thinking on elegance in design, building on the accepted philosophies of good design.
Dr. David Gelernter argues for the importance of elegance. Coming from a background
of computer science, he identifies a framework for elegance based on “rightness” of
design (or form) and “good functioning.” Steven Billow attempts to decompose elegance
into measurable characteristics, but sidesteps the inclusion of aesthetic into the
framework, focusing primarily on functional characteristics. Leff developed working
definitions of elegance based on expert knowledge. Matthew May provides a conceptual
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framework for elegance that also falls short of offering a method for repeatable
measurement. May proposes a set of characteristics (symmetry, subtraction, seduction,
and sustainability) of which only one, symmetry, can be rigorously measured. The
remaining characteristics are too broad to be measured and too subjective to be
decomposed further.

2.1.1

Gelernter

A seminal work in the area of design elegance is Professor David Gelernter’s
book, Machine Beauty: Elegance and the Heart of Technology, which was published in
1998. Dr. Gelernter, a professor at Yale, stresses the importance of aesthetics and beauty
in complex systems. Many of the key aspects of elegance identified by Dr. Gelernter
include more esoteric attributes such as “aesthetics” and grander ideas such as beauty.
Gelernter views elegance as a trait that makes things easier to use (less
memorization, less physical strength, less exposure to elements, etc.), makes things less
frustrating to use (expected behaviors, common interfaces, etc.), and makes things more
pleasurable to use (better look and feel, caring about appearance), in contrast to the
”objective, logical, analytic, austere, esoteric, highly specialized, and masculine” nature
of science and technology (Gelernter 1998, 10).
His definition of elegance centers on the concepts of simplicity and power,
“power meaning the ability to accomplish a wide range of tasks, get a lot done”
(Gelernter 1998, 2). “You know beauty when you feel it” (Gelernter 1998, 33). While he

8

believes that there is no way to demonstrate the presence of simplicity and power, he
argues that it is possible to observe some of their “telltales” (Gelernter 1998, 54).
Gelernter also identifies “good functioning” as an essential characteristic of
elegance (Gelernter 1998, 13). He points out that an essential characteristic of elegance is
that it has to work well: while the flat-roofed Bauhaus residence was austerely elegant on
the outside, it leaked. Therefore “the only possibly verdict was ‘not beautiful’” (Gelernter
1998, 13).
Elegant designs assimilate all of their functions “to a few clear and simple
principles” (Gelernter 1998, 47), and avoid featuritis which results from “having too
many separate unrelated things to know and understand” (Gelernter 1998, 47).
From Gelernter: “Yes, elegance is important because it saves you twenty seconds
– repeatedly. The difference between software that leaves you in peace and software that
constantly takes little nips out of your thought process – twenty seconds here, twenty
there – is the difference between a pleasantly productive environment and an irritatingly
unproductive one” (Gelernter 1998, 83).
Elegant products are inherently easy to use and understand because their use it
clearly spelled out by their form. Gelernter uses the term “exact rightness” when
describing visual and audible characteristics of an elegant artifact. The form discussed
here is one expressed by multiple senses, not just the visual: About the Empire State
Building, the Hoover Dam, the Dreyfuss phone: “Yet the resulting design does not seem
arbitrary in the least. Its seeming inevitable rightness is a large part of its greatness”
(Gelernter 1998, 7-8).
“But divining the shape that seems inevitable, creating the ‘inevitability
illusion’ - the impression that you are looking at the pure visual
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embodiment of science or engineering - is an art pure and simple, whether
you are designing dams or vacuum cleaners. It takes a gifted structural
engineer or designer to make the right choices and create that illusion.
When the illusion succeeds, the outcome is technology that works
beautifully and is beautiful (Gelernter 1998, 7-8).
Gelernter agrees with May on the importance of recursive symmetry in both form
and function, with his discussion of recursive programming techniques as examples of
elegance: Gelernter refers to the idea of big programs being built out of several little
programs as recursive, being “built of components that are structurally identical to
themselves” (Gelernter 1998, 59). Another related art principle is rhythm/pattern.
Gelernter talks about what appear to be fractal patterns, defined as overall rhythm, by
chopping rich stone into rigid rectangles in Ludwig Mies van der Rohe’s Barcelona
Pavilion. The “regular shapes and spacing of the window surrounds” of the stained glass
at Chartres “discipline” the overwhelming vividness of the glass. (Gelernter 1998, 34).
While Gelernter does not go so far as to propose direct measurement of any of
these characteristics, he does break elegance down into contributing factors such as
symmetry and rhythm that can be, at the very least, relatively assessed.

2.1.2

Billow

S. Billow at MIT produced a Thesis (Masters of Science in Engineering
Management) entitled The Role of Elegance in System Architecture and Design, in 1999.
Building on the work by D. Gelernter, and also pulling on the work by Robert Leff
(discussed in the following section), Billow defines elegance as having two criteria:
1.

The system must function according to its stated purpose.
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2.

The design pressures constraining the system design must be

simultaneously relieved.
While the second criterion presents difficulties for a consistent, repeatable
measurement (Billow offers no method for ascertaining if the design pressures have been
simultaneously relieved nor an approach for determining the appropriate degree of relief),
the first criterion introduces a non-aesthetic element into the definition of elegance: how
well does the system function?
Billow builds on Gelernter’s argument with additional sources, such as Jon
Bentley: “Simplicity is one part of elegance; power is another” (Billow 1999, 8). Billow
continues with the discussion of simplicity and power as a key characteristic of elegance.
Billow states the following in his list of “pervasive characteristics of elegant
solutions”: “Elegant systems are consistent with their model representations, in their
interfaces (especially to the user), and to their environment.” (Billow 1999, 97). Billow
states that “as complexity increases, the cry for elegance becomes louder and more
urgent. Elegance is one of the few weapons against complexity” (Billow 1999, 11). While
elegance may be a weapon against complexity, the object is to conquer the complexity,
not to vanquish it.
“Complexity is perhaps the most prevalent design pressure and, as a result,
elegant solutions are, almost without exception, remarkable for their simplicity” (Billow
1999, 21). The system is still complex without coming across as such, due to masking
and/or articulation.
Billow goes on to note that simplicity is a desired result of masking complexity,
not necessarily eliminating it.
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Billow states that products cause the user to lose faith if they do not operate in a
consistent manner: “It is imperative that the mental model presented to the user is
coherent and consistently followed. This includes strategies for executing applications,
user-interfaces to receive and supply data, and responses to the actions of the user”
(Billow 1999, 73). Billow continues: “…the interface between the customer and the
product is the single most important interface a system architect must create” (Billow
1999, 17). Billow describes how difficult it is for the average user to access functions in
Excel: “This is an example of a product with immense function, much of which is
difficult for the average user to access” (Billow 1999, 18). “Simply changing a user
interface by making function more apparent to the user can increase utility without any
modifications to the actual function of the product” (Billow 1999, 18). By assessing the
ease of use of a system or product, it may be possible to measure one component of its
overall elegance.
Billow notes that “elegant solutions encompass the whole system” (Billow 1999,
92) and views the aesthetic as a key component of elegance, in addition to the user
interface component discussed above. “[A]esthetics play an important role in elegance
and could be at least partly responsible for the undeniable attraction of elegant solutions”
(Billow 1999, 97). In other words, it is not enough to measure the ease of use alone; a
successful elegance metric must also consider the aesthetics of the solution. While he
does not offer any suggestions as to how this measurement might occur, Billow has
developed a simple model for elegance that includes both an aesthetic and a non-aesthetic
component.
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2.1.3

Leff

In addition to Gelernter’s work, Billow also built on the work done by Robert Leff
at MIT. Leff’s book Elegant Solutions (1997) used interviews and literature review to
identify characteristics of elegance. Leff and his sources use slightly different language
than Billow and Gelernter but they repeat the themes of simplicity, unity, beauty, and
functionality.
Leff’s definition of elegance is that “an elegant solution reduces a problem to its
essence, but it does not oversimplify it” (Leff 1997, 13). He does not offer any guidance
on how one might assess whether a problem has been reduced to this point, but does
identify that elegant systems are unified (possessing an integrated hierarchical balance)
(Leff 1997, 52) and that an elegant system communicates its function through its form
(Leff 1997, 21).
Leff argues that aesthetics cannot be separated from functionality. Similar to
other work on elegance, the idea that elegant designs must address both a functional and
an aesthetic component is discussed. Billow built on this premise in developing his
elegance framework. Neither Billow or Leff, however, suggest an approach for assessing
these various factors.

2.1.4

May

Matthew May presents an overarching model of elegance that consists of four key
elements: symmetry, seduction, subtraction, and sustainability (May 2010, 21).
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Similar to Gelernter, Billow, and Leff, May also discusses simplicity and power,
albeit in the opposite order: “…an elegant solution is in a class all its own, that what sets
it apart is the unique combination of surprising power and uncommon simplicity” (May
2010, 16). May introduces the concept of “far side” simplicity: “Elegance is ‘far side’
simplicity that is artfully crafted, emotionally engaging, profoundly intelligent. It should
not be confused with ‘near side’ simplicity, which stops short of confronting complexity”
(May 2010, 26).
May agrees with the other sources that “elegance requires the presence of
complexity” (May 2010, 26-27). Instead of putting elegant and complex at opposite ends
of the same axis, May identifies excess as the opposite of elegance. The enemy of
elegance is not complexity. The enemy of elegance is excess (May 2010, 105).
The system has to have the right amount of functionality: “Doing more and
pushing harder than actually necessary can impede and even reverse progress by
introducing overload, inconsistency, and waste” (May 2010, 116).
Symmetry is also important to May’s definition. For purposes of this concept,
symmetry includes both “bilateral symmetry” (mirror/reflection type) as well as
“rotational” symmetry, such as found in “a snowflake, sphere, or starfish” (May 2010,
29-30). May elevates symmetry to one of his four principles of elegance: “Symmetry
helps us solve problems of structure, order, and aesthetics… we generally equate
symmetry with beauty and balance… we are adept at noticing a lack of symmetry” (May
2010, 21). A significant amount of May’s discussion of symmetry deals with selfreplicating scaled patterns, as seen in the paintings of Jackson Pollack: “Fractals are the
symmetrical patterns of nature, an order arising out of chaos, and are seen in snowflakes,
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ferns, roots, branches, waves, wind, clouds, coastlines, and human physiology (think
dendrites, blood vessels, bronchial branches)” (May 2010, 40). Elegance has the ability to
conquer complexity. As an example, May describes fractals as an elegant pattern arising
out of disorder (May 2010, 41). In dozens of visual perception experiments “universal
preference was given to images with fractal dimensions between 1.3 and 1.5, irrespective
of how the fractals were generated…” (May 2010, 49).

2.1.5

Schumacher

Patrik Schumacher is an Architect and partner at Zaha Hadid Architects (ZHA).
Schumacher puts forth his own theory of elegance, as it pertains specifically to
contemporary architecture.

This new theory of elegance in contemporary architecture has two distinct
components: 1) descriptive: the elaboration of a descriptive language that
provides the resources to distinguish and characterise the style in question
and the particular agenda of its refinement. 2) argumentative: the
stipulation of form–function relationships and the formulation of
hypotheses about the social efficacy and pertinence of ‘elegant
architecture’ in the context of contemporary societal challenges.
(Schumacher 2007, 30)

To Schumacher, elegance has to be a descriptive language that can be recognized
by the observer. Elegance also has to qualify its own relationship of form and function,
and how it relates to the context of its time. Elegance allows a reduction in visible
complication despite an increasingly complex system by integrating a set of discrete
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elements into a coherent and seamless form that users can immediately understand
(Schumacher 2007, 35).
Schumacher agrees with the other sources. Elegance masks complexity, but does
not remove it. “Elegance articulates complexity. And the articulation of complexity
prevents perplexity” (Schumacher 2007, 31). “In fact only if the problem is complex
and difficult does the solution deserve the attribute ‘elegant’. While simplistic solutions
are pseudo-solutions, the elegant solution is marked by an economy of means by which it
conquers complexity and resolves (unnecessary) complications. An elegant building or
urban design should therefore be able to manage considerable complexity without
descending into disorder” (Schumacher 2007, 30)
Schumacher supports the idea that elegance is unifying, using the term “overall
intelligence of assembly” (Schumacher 2007, 29). When an elegant system adopts a new
function or capability, all parts, even existing parts, will be affected: “Every new element
or new layer that enters the complex will both inflect the overall composition and will in
turn be inflected. Elegance can never result from a merely additive complication”
(Schumacher 2007, 32).

2.1.6

Griffin

Dr. Michael Griffin is the former administrator of NASA. In a paper entitled How
Do We Fix Systems Engineering?, Griffin seeks to define elegance as a value to provide a
new perspective for the field of systems engineering (Griffin 2010, 1). Developing more
detailed and more numerous processes is not the correct approach to enhance systems
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engineering (Griffin 2010, 2). Systems engineering should seek to be holistic in nature, in
addition to being concerned with the interfaces between elements of a system (Griffin
2010, 2-3). Griffin references the ideas of Robert Frosch’s 1969 thoughts on systems
engineering: systems engineering should be able to determine whether a system is a
“good system”. “Art and excitement” are lacking in engineering, and must be
reemphasized in the future (Griffin 2010, 3).
Similar to Leff, Griffin points out that elegance in engineering “is immediately
apparent when it exists” (Griffin 2010, 3); he goes on to assert that it is “…difficult to
define, [and] impossible to quantify” (Griffin 2010, 3). While he believes a quantitative
measurement of elegance is currently impossible, he argues that a relative assessment of
the elegance of two systems is possible by asserting that the DC-3 is an elegant design
and the Ford Tri-Motor is not (Griffin 2010, 3).
Griffin notes that four aspects of elegant design are applicable to systems
engineering (Griffin 2010, 3): workability, robustness, efficiency, and lack of excess
features. While Griffin does not explicitly call out aesthetics as being influential to the
elegance of a design, it has been observed that aesthetic characteristics related to lack of
excess are identifiably present in elegant designs identified by other sources.
Furthermore, a comparison of the DC-3 to the Ford Tri-Motor indicates easily observable
aesthetic differences between the two aircraft, with the DC-3 being observably more
streamlined and smooth. Since systems engineering is responsible for defining and
controlling the interfaces between elements of a system, it can be assumed (based on
other research into elegance discussed) that systems engineering could influence the
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aesthetic of a system, in terms of making the system more complex or more simple as a
result of the way the interfaces are designed and controlled.
Griffin’s definition of workability is “does the design actually work?” (Griffin
2010, 3). The challenge in determining workability is that as systems become more
complex, testing all of the myriad states and results can become very challenging (Griffin
2010, 4). He defines robustness in terms of response to small changes, demonstrated
graceful degradation, and predictability in behavior: “a robust system will not surprise
us” (Griffin 2010, 4). The Space Shuttle is identified as being a non-robust system
(Griffin 2010, 4), and therefore at least partially inelegant according this definition.
Elegant design is efficient in that an elegant design will accomplish a “desired result” for
“a lesser expenditure of resources than competing alternatives” (Griffin 2010, 4). Griffin
asserts that efficiency is for systems engineering to evaluate, especially when comparing
real systems to proposed “paper” alternatives (Griffin 2010, 5). The fourth characteristic
of elegance he proposes relates to the differentiation between two or more designs that
meet a basic functionality: “A key differentiator between better designs and poorer
designs is to be found in the unwanted features and effects produced by poorer designs,
and the actions which must be taken to compensate for them” (Griffin 2010, 5). This ties
back to May’s elegance definition that includes the idea that elegant systems must appear
simple (May 2010, 16, 26-27, 136)
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2.1.7

Additional Definitions

May, Billow, Leff, Griffin, and Schumacher all allude to the idea that general
knowledge and a holistic view of the system are prerequisites for the creation of
elegance. This is not a new idea. One of the most well-known proponents of the
importance of generalized knowledge was R. Buckminster Fuller. Fuller embraces
general knowledge, and the necessity of understanding the behavior of a whole system,
because the whole system behaves differently than its parts would indicate (Fuller 1982,
3). Scientists have continuously discovered order, symmetry, and elegance in nature
(Fuller 1982, 284-285).
Industrial designer Dieter Rams embraced several aspects of engineering methods
of design, including the importance of functionality and verification, embracing the idea
of the ‘Gestalt-Ingenieur’, an ‘engineer of form’(Lovell 2012, 344). In interviews, Rams
discussed the importance of unifying aesthetics and his dislike of “visual chaos” and
“personal need for calm and order” (Lovell 2012, 348). In other interviews and lectures,
Rams insisted on the necessity that designs be verifiable. Designs should be measurably
good: designs should be measured via “usability or ‘functional quality’, ‘feasibility’ and
‘aesthetic quality’” (Lovell 2012, 342)
David Billington's 1983 The Tower and the Bridge: The New Art of Structural
Engineering discusses elegance and aesthetics in terms of structural engineering
examples. David Billington is an engineer who observes that good aesthetics are linked
with good engineering, that specialized theories of design must be appreciated, and that
the philosophy of “form follows function” is incorrect (Billington 1983, 87). In many
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ways, though written fifteen years earlier than Machine Beauty, The Tower and the
Bridge makes a similar argument for the incorporation of aesthetics in engineering and
technology, albeit from the viewpoint of civil engineering rather than computer science.
Billington espouses the idea that good aesthetics are linked with good
engineering, and that engineers, not architects, were primarily responsible for the best
structural art. Furthermore, “the best designs in the strictest technical sense were often
also the most beautiful ones” (Billington 1983, xvi). By taking advantage of aesthetic
freedom while strictly following engineering principles, structural art is created by
engineers. Billington’s third criterion of design, the symbolic, builds on the first two
criteria of efficiency and benefit, in pursuit of elegance (Billington 1983, 17). “This
aversion to ugliness leads directly to the third fundamental idea of structural art, the
search for engineering elegance” (Billington 1983, 269). It can be interpreted that
Billington is identifying an aesthetic goal of elegance (in the symbolic criterion) which
can only be achieved with the contribution of functionality and usability, both in terms of
efficiency and cost-benefit, Billington’s first and second criteria, respectively (Billington
1983, 17). Billington discounts the inelegant notion of form follows function, replacing it
with idea that either function follows form or form and function develop in parallel.
From a philosophical standpoint, Professor of Philosophy Frank Sibley (1923 –
1996), defines elegance as being primarily aesthetic: “And even with these aesthetic
terms which are not metaphorical themselves (‘graceful,’ ‘delicate,’ ‘elegant’), we rely in
the same way upon the critic’s methods, including comparison, illustration, and metaphor,
to teach or make clear what they mean” (Sibley 1959, 449). He asserts that “elegant” has
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“no standard non-aesthetic use” (Sibley 1959, 448). MacLennan agrees with Sibley and
hypothesizes that elegance is primarily or mostly aesthetic (MacLennan 2006).
Similar to Schumacher, Dr. Donald Schön connects the lack of perceived
complexity to the manifestation of elegance noting the impacts of “complexity,
uncertainty, instability, uniqueness, and value-conflict” (Schön 1982, 39). He views
design as a conversation between the designer and the actual use of the artifact. “In a
good process of design, this conversation with the situation is reflective. In answer to the
[situation’s] back-talk, the designer reflects-in-action on the construction of the problem,
the strategies of action, or the model of the phenomena, which have been implicit in his
moves” (Schön 1983, 79).

2.2 Existing Frameworks and Models

Several sources went beyond defining elegant and its characteristics, and
proposed specific frameworks and models. All of these models, with the exception of
Griffin’s, are similar in that they include both an aesthetic and a non-aesthetic
component. Griffin does not discount aesthetics; however, he does not consider them
within the realm of systems engineering. While previous work has sought to define
elegance in terms of form and function, and has hypothesized as to what elegance is made
of, the metrics proposed have not resulted in a set of measurable characteristics tied to
form and function.
Gelernter’s framework can best be approximated as a measurement of form and
function of an artifact, where form is measured from zero to rightness and function is
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measured as zero to good functioning. This framework includes both the aesthetic and
non-aesthetic. Gelernter cites an unnamed designer: “A useful object has a ‘natural’ form
which when it is in complete harmony with its function is perceived as having a special
‘rightness’ or ‘fit’ that borders on art” (Gelernter 1998, 8). This conceptual model may be
usable when applied to universally accepted elegant artifacts; however, it lacks the
resolution or the quantification to use this framework as a repeatable measurement
methodology.
Billow defines a framework for qualitative and quantitative assessment of
elegance, based on his observations of elegance and of elegant artifacts, that could be
built upon to further expand the definition and measurability of elegance in complex
systems. While he identified several potential characteristics for such a framework,
minimal quantification and measurement were demonstrated. For two systems meeting
the defined functional requirements of the system equally, the system with the least
effective complexity is the more elegant one” (Billow 1999, 61). He defines effective
complexity as the complexity that is perceived by the user. In this definition (shared by
May, Leff, and Schumacher), a system may be complex, but the overall system design
masks the complexity from the user. Elegance systems have low effective complexity,
meaning that the user perceives simplicity despite the actual level of complexity of the
design. “To be considered elegant, a system must meet two criteria. The first is that the
system needs to be functional. If it is beautiful or aesthetically pleasing, but it does not
meet its functions, it is not considered elegant” (Billow 1999, 15). This is in line with
what Gelernter has said. Criteria 2 states that “A truly elegant design...meets the needs of
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the user without substantial sacrifice while staying within the constraints of the
environment” (Billow 1999, 16). Billow’s framework is both aesthetic and non-aesthetic.
May proposed a model of elegance based on four characteristics: symmetry,
subtraction, seduction, and sustainability. He does not attempt to weigh, measure or
combine these characteristics into a relative or absolute measurement of elegance. These
characteristics rely on the aesthetic and non-aesthetic.
While not specifically discussing elegance, Rams required that designs should be
measurably good. If we consider Rams’ “measurably good” designs to be elegant (which
builds on the ideas of other sources), then Rams’ elegance framework is based on
“usability or ‘functional quality’, ‘feasibility’ and ‘aesthetic quality’” (Lovell 2012, 342).
These characteristics rely on both the aesthetic and non-aesthetic. There is no effort to
provide a repeatable methodology for measuring these characteristics.
Billington’s conceptual framework of elegance, which includes the aesthetic and
non-aesthetic, relies on symbolism, efficiency, and benefit, in order to achieve elegance.
There is no effort to provide a repeatable methodology for measuring these
characteristics.
Griffin’s characteristics of elegance are non-aesthetic and focus on four areas of
interest: Workability (“does the design actually work?”), Robustness, Efficiency, and
Lack of Unintended Consequences (Griffin 2010, 4-5). Griffin’s focus is on inserting
elegance into the design process, rather than assessing the elegance of existing artifacts.
Griffin’s work offers an alternate method for decomposing elegance into its constituent
parts as viewed by systems engineering, but he does not provide an overall measurement
approach based on the proposed framework.
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2.3 Summary of Elegance

Elegance combines specific aesthetic characteristics with high usability through
careful and deliberate crafting, and therefore elegance is more than an aesthetic attribute.
This work will be focusing on the concept of elegance as it relates to design and
engineering and will show that the elegance of a system can be measured using a
framework that includes both form and function.
The elegance that the field of engineering seeks is not one of minimalism and
sparseness; it is an elegance resulting from making the design solution to a highly
constrained problem be something beautiful. Understanding and addressing the realm of
aesthetics, however, is essential to good engineering design (Billington 1983, xvi).
In addition to aesthetics, elegance implies objects of high functionality that work
well (Gelernter 1998, 13; Billow 1999, 15, 16, 17). Systems that strive for flexibility via
the inclusion of increased functionality become less usable, and systems that do not have
sufficient functionality only serve to frustrate the user. (Gelernter 1998, 47; Billow 1999,
12; May 2010, 105, 16; Leff 1997, 12), and are pleasant and consistent to use (Gelernter
1998, 29; Billow 1999, 17, 73, 18, 74). Elegance makes objects easier to use, less
frustrating to use, and more pleasurable to use (Gelernter 1998,133).
While technology changes, major architectural elements of an elegant system can
be traced backward through time (Leff 1997, 19). Elegance, or an elegant product, is not
universally elegant across different times or across different cultures. This is because the
expectations and goals of the way a product functions and the way a product looks are
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affected by time and culture (Billow 1999, 8, 76, 78, 56, 633; Leff 1997, 18, 10, 6, 16,
17; Gelernter 1998, 9).
Systems with a high degree of design elegance tend to be highly unified
(Gelernter 1998, 34; Schumacher 2007, 29, 32; Billow 1999, 92; Leff 1997, 9; May 2010,
60). A key characteristic of elegance is that it seamlessly and seemingly effortlessly
unifies interconnected complexity, to provide unification, integration, and harmony at the
system level (Schumacher 2007, 29, 32, 31; Leff 1997, 52, 8, 29, 9; Billow 1999, 92;
May 2010, 60).
Elegance is a combination of perceived simplicity and power (Gelernter 1998, 2,
33, 54; Billow 1999, 8, 15, 97, 57; Leff 1997, 12, 13; May 2010, 16, 26, 27 136;
Schumacher 2007, 30, 33, 36). It masks any underlying and necessary complexity from
the user or observer (Billow 1999, 91, 21, 57, 59, 60, 61, 69; May 2010 26-27, 105;
Schumacher 2007, 30, 31, 35, 36). Elegance does not require complexity, it only
requires that if complexity is present the in the design, it is effectively masked from the
user.

2.4 Gaps in Elegance Research

The two primary gaps in elegance research are a lack of consistent definition of
design elegance that adequately describes the contribution of both form and function to
elegance and a measurement approach for elegance that can accommodate the
psychophysical nature of the measurement in a consistent and repeatable way.
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Overarching themes of elegance from the literature include one or two
characteristics that can be measured, or at least observed, and a larger set of more vague
concepts. However, a comprehensive definition of what is meant by elegance in
engineered artifacts does not exist. It can be argued that the primary reason that a
methodological framework for measuring elegance has not been developed is a result of
the peculiar qualities of elegance. First, elegance involves both form and function, and
their interactions. Traditionally, design is either function-focused (such as engineering) or
form-focused (such as industrial design). The field of architecture is one of the rare
exceptions where both aesthetic characteristics and usability are simultaneously
addressed, although a more technically correct example would be a hypothetical unified
field of architecture and civil engineering. Billington’s argument, from the field of civil
engineering, is that the best designs come from engineers who are trained in aesthetics,
while Rams’ statements would imply that great designs come from designers who focus
on functionality (engineers of form). While each of these approaches reach the same
conclusion, that they approach it from different directions. A standard definition that
combines these perspectives is lacking.
Careful examination of the relationship between and among the attributes of
elegance has not been made. Traditional measurement axioms of non-physical attributes
(such as elegance) have very specific requirements of demonstrated independence.
Meanwhile, there is no consistent definition of the non-aesthetic characteristics of
elegance. While there have been many ideas put forth on the functional aspects of
elegance, these ideas have not been rolled up into a suitable representation of the nonaesthetic definition of elegance in engineering.
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No method has been suggested for comparing the elegance of one elegant artifact
to another. This is true not only for comparing out-of-family products, but also for
comparatively measuring two different products of the same family, such as two
passenger aircraft, or two smartphones.
Finally, the existing well-accepted measurement axioms are limited when dealing
with non-physical attributes. Methods for dealing with composite non-physical attributes
(such as both form and function) require a stringently applied demonstration of
independence. The very nature of the interdependencies within elegant systems as
defined by the literature makes an acceptable application of these axioms more
challenging.

2.5 Measurement Theory

Foundations of Measurement Volume I: Additive and Polynomial Representations
by Krantz et al. (2007, original work published in 1971) provides an overview of general
areas of measurement theories and approaches. This reference contains the formal
foundations for measurement and provides sufficient applicable methods to support the
evaluation of a characteristic such as elegance, in which the goal is to demonstrate that a
characteristic is measurable.
From a measurement theories standpoint, Krantz et al. describe aesthetics as a
psychological attribute based on its general inability to be concatenated (Krantz et al.
2007, 123). Krantz et al. introduce the term “psychophysical” in the theories of difference
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measurement (Krantz et al. 2007, 138), which better describes the combination of
characteristics identified in the definition of elegance by the literature.
The measurement of behavioral characteristics does not have the same rigorous
structure as the measurement of physical characteristics (Krantz et al. 2007, 32);
however, useful approaches, such as conjoint measurement, do exist to assess a
psychophysical attribute such as elegance.
The approach to treating elegance as psychophysical is an established approach
for developing measurement models for aesthetic and aesthetic-based attributes. This
approach was successfully demonstrated by Dr. Guy Birkin (Birkin 2010) and is
described in terms of measurement of perception (Birkin 2010, 78). Birkin’s work
focuses on aesthetic measurement, and discusses the perceptual measurement of visual
complexity and is further discussed in section 4.3.

2.6 Measuring Subjective Data

Both Krantz et al. and Sibley identify the challenges of measuring variables that
have an aesthetic component, such as elegance. However, the degree to which specific
aesthetic characteristics are manifested can be subjectively endorsed (i.e., a rating can be
selected by an individual). If these endorsements are collected in such a way that allows
an underlying qualitative assessment to be obtained, a measurement of the manifestation
of a characteristic in a system or design can be developed. The approach discussed below
can be used for any subjective measurement, including aesthetics.
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The Bayesian Truth Serum approach, as defined by Prelec in his 2004 paper “A
Bayesian Truth Serum for Subjective Data,” provides a “scoring method for eliciting
truthful subjective data in situations where objective truth is unknowable” (Prelec 2004,
462). An additional advantage of this approach is that “Unlike other Bayesian elicitation
mechanisms, the method does not assume that the researcher knows the probabilistic
relationship between different responses. Hence it can be applied to previously unasked
questions, by a researcher who is a complete outsider for the domain” (Prelec 2004, 462).
This method does not “privilege the consensus answer,” so “truthful responding remains
the correct strategy”. Prelec and Seung state: “We present a method for finding truth
when subjective judgment remains the only source of evidence and there is a possibility
that most people are wrong. The method selects the judgments of respondents who reveal
superior metaknowledge—knowledge of others’ opinions” (Prelec and Seung 2010).
Scarlett Herring demonstrated an application of Bayesian Truth Serum (BTS) in
Supporting Example-based Ideation and Assessment Practices in Engineering Design,
her Ph.D. dissertation at the University of Illinois at Urbana-Champaign, which used BTS
on survey data to assess design knowledge and design skill levels (Herring 2011, 122).
BTS is calculated using the following steps (Herring 2011, 121):
Each question will elicit one endorsed answer k out of m possible answers and a
prediction of the sample proportions y.
indicates whether a respondent r has endorsed an answer k for each
questions. For my purposes, there were 5 possible answers k for each of four
characteristics for each of four systems, with each participant being presented with 1 of
the 4 possible questions for each of 4 systems.
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indicates the sample proportions endorsed by the participants,
with the sample proportion for each potential answer k greater than or equal to zero, and
the sum of the distribution equal to 1:
Prelec specifies that “the results do hold for large finite populations but are
simpler to state for a countably infinite population” (Prelec 2004, 463). Although a “ruleof-thumb” minimum sample size has not been formally calculated, “the sample of
respondents must be sufficiently large so that a single answer cannot appreciably affect
empirical frequencies” (Prelec 2004, 463). “For smaller samples, the formula can be
adjusted to exclude a person's own answers from the statistics that determine his score
(Prelec and Seung 2010, 9). A threshold minimum sample size of 10 (“delineating
sufficiently large” from “smaller samples”) has been used by previous studies (Miller et
al. 2013). Samples sizes as small as five have been run in these studies (Miller et al.
2013).
To address potential undefined scores that result during BTS score calculations, a
zero-sum scoring formula is assumed. “Zero-one predictions are trimmed, e.g., to .01 and
.99” (Prelec 2004, 466; Prelec and Seung 2010, 9).

2.7 Measuring Usability

While the existing work on measuring aesthetics is limited, there is a large body
of work that exists on the measurement of usability. This work has been performed in

30

several fields, including computer science, information systems, and industrial
engineering.

2.7.1

Usability Frameworks

Iivari and Jokela, in proposing and evaluation framework for Usability Capability,
rely on the “idea of context of use analysis”, which involves not only the “specific tasks”,
but also the “characteristics of users who perform the tasks, and the environment in
which the tasks are carried out” (Iivari and Jokela 2001, 101). The approach as specified
involves “performing a context of use analysis”, “defining the evaluation criteria and
metrics”, and “performing the evaluation using questionnaires” (Iivari and Jokela 2001,
101).
In the fields of computer science and statistics, Keenan et al. discuss the Usability
Problem Taxonomy (UPT), which is “a taxonomic model for classification of usability
problems detected on graphical user interfaces with textual components” (Keenan et al.
1999, 73). Their approach is to define “A framework containing categories that capture
the essence of individual usability problems” (Keenan et al. 1999, 73). In assessing the
artifact component of usability, the UPT “examines or views user interface objects”,
“reads and understand words”, or “manipulates user interface objects” (Keenan et al.
1999, 74). The UPT assesses the visualness, including object layout and object
appearance (Keenan et al. 1999, 78), and was developed by “a detailed, two-phase
examination of over 400 usability problems captured in real-world development
environments” (Keenan et al. 1999, 81).
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In the field of information systems and computation, Abrahão and Insfran discuss
usability elaboration in model-driven architecture environments. In discussing related
work, the authors list Dix’s model, which gives three main factors of “learnability,
flexibility, and robustness” (Abrahão and Insfran 2006, 288). The authors propose a
usability model “that can be applied in the early stages of software development” that
treats usability as “an abstract, non-atomic concept that can be properly decomposed,”
acknowledges that there is an “inter-relationship among attributes”, and is dependent on
the type of user (Abrahão and Insfran 2006, 289). A key takeaway is that, in terms of the
relationship among attributes, “the usability of a software system is not a direct sum of
the values of each one of the model attributes” (Abrahão and Insfran 2006, 288).
Abran et al. provide an overview of ISO standards for usability, based on the
observation that the proliferation of distributed systems has resulted in the new reality in
which developers no longer have direct access to their users. Thus, usability is more
essential: “Software usability is no longer a luxury, but rather a basic determinant of
productivity and of the acceptance of software applications” (Abran et al. 2003, 325).
Standards for usability are classified as “product effect” or “product attributes”, in
addition to the development process and organizational attributes (Abran et al. 2003,
326). ISO standards include ISO 9126, 2001 and ISO 14598, 2001 for product-oriented
standards and ISO 9241, 1992/2001 and ISO 13407, 1999 for process-oriented standards
(Abran et al. 2003, 326).
ISO/IEC 9126-1, 2000 defines usability as “the capability of the software product
to be understood, learned, used and attractive to the user”. ISO 9241-11, 1998 defines
usability as “The extent to which a product can be used by specified users to achieve
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specified goals with effectiveness, efficiency, and satisfaction in a specified context of
use”. IEEE Std. 610.12-1990 defines usability as “the ease with which a user can learn to
operate, prepare inputs for, and interpret outputs of a system or component” (Abran et al.
2003, 326).
The authors then propose an enhanced usability model, using ISO 0241-11 as the
baseline, with enhancements from ISO 9126 and “other sources”. The enhanced model of
usability includes effectiveness, efficiency, satisfaction, learnability and security (Abran
et al. 2003, 335). Effectiveness includes such characteristics as “percentage of tasks
accomplished” and “percentage of tasks achieved per unit of time”, while efficiency
includes characteristics such as “time to achieve on task”, “number of good and bad
characteristics recalled by users”, and “number of available commands not called upon”
(Abran et al. 2003, 336).
In the field of industrial engineering, Ham discusses a model-based framework for
assessing usability problems, noting the difference between subjective and objective
usability factors. Han references the work of Bevan (1999) and Jin et al. (2009), in that
“objective usability factors are concerned with the assessment of how well users perform
their tasks, whereas subjective usability factors attempt to evaluate how users actually
feel [about] the usability of a system” (Ham 2013, 1).
After reviewing seven existing approaches to classify usability problems based on
their interaction models, Ham presents a new classification scheme to start the
development of a new framework. The concept of usefulness, usually considered too
broad for usability, should be included if the framework is to be used for developmental
activities. Also, the difference between subjective and objective usability problems need
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to be addressed, which ties into the difference between usability and user experience:
“Usability is mainly concerned with the designed features of interactive systems, in terms
of how easy it is to use and how useful it is” (Ham 2013, 8-9). I concluded that this type
of approach may be applicable to a usability model based on capability and convenience,
where capability is “how useful it is” and convenience is “how easy it is to use”.
A goal of usability in engineering is to develop usability requirements,
specifically quantitative usability requirements: “Quantitative usability requirements are a
critical but challenging, and hence an often neglected aspect of a usability engineering
process” (Jokela et al. 2005, 345). While the development of usability requirements is not
central to the measurement of usability, the frameworks that have been proposed to for
the development of usability requirements can offer insights into the critical parameters
for the measurement of usability.
A “general usability engineering life-cycle model” is explained to assess “context
of use”, increased efficiencies, and verifiable means to test the requirements (Jokela et al.
2005, 345). The concept of usability engineering requires measurable usability
requirements (Jokela et al. 2005, 346). Jokela et al. summarize ISO 9241-11 in terms of
effectiveness, efficiency, and user satisfaction (Jokela et al. 2005, 347). In defining
usability requirements for a mobile phone, the authors ended up defining two attributes:
“relative average efficiency” and “relative overall usability” (Jokela et al. 2005, 351).
Relative average efficiency is an objective attribute, and relative overall usability is more
subjective, relying “on the judgment of usability experts” (Jokela et al. 2005, 351). The
resulting strategy moved from specific knowledge to more general knowledge: “The
strong points of our methods are that they are efficient, they can be used with lo-fi
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prototypes, and they guide the development team to think about ‘the broad picture’ of
usability instead of, for example, focusing on some individual tasks only” (Jokela et al.
2005, 353-354).

2.7.2

Flexibility-Usability Tradeoff

Overall usability can also be evaluated as a trade-off between usability and
flexibility. In this context, when comparing two systems with equivalent functionality,
the system with higher flexibility will tend to have lower usability. The idea that usability
(ease of use) is traded against flexibility is discussed by Andrew Odlyzko: “A tradeoff
between flexibility and ease of use is unavoidable” (Odlyzko 1999, 6). This is known as
the Flexibility-Usability Tradeoff Universal Principle of Design: “As the flexibility of a
system increases, the usability of the system decreases” (Lidwell et al. 2010, 102-103).
The correct amount of flexibility in a system is highly user dependent, and it is
unlikely that there exists a common definition or that this definition will be applicable to
a user single user over a long period of time (Odlyzko 1999, 6). Odlyzko’s solution to
developing the correct amount of functionality in a device is something akin to a tech
support organization that determines the equipment that will be required and will be
supported (Odlyzko 1999, 7).
“The Flexibility-Usability Tradeoff exists because accommodating flexibility
entails satisfying a larger set of design requirements, which invariably means more
compromises and complexity in the design” (Lidwell et al. 2010, 102). A user with a
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“clear set of needs” will favor “more specialized designs that target those needs” (Lidwell
et al. 2010, 102).
Don Norman’s work on user experience and on the development of beautiful and
useable technology products (Norman, 1999) offers some insights into the flexibilityusability trade. Norman believes that Information Appliances of the Future (such as the
PalmPilot and the iPhone) should focus on simplicity, versatility, and pleasurability
(Norman 1999, 67). While simplicity and pleasurability are well understood (and link
directly with identified characteristics of elegance), versatility, as defined by Norman, is
not the versatility of the product, but the versatility of interactions that the product
enables. So, while the iPhone focuses on simplicity, it is very capable in terms of
versatility in interaction (camera/video, bluetooth, 802.11 wireless, USB, microphone,
etc.). “Good tools are always pleasurable ones, ones that the owners take pride in owning,
in caring for, and in using” (Norman 1999, 67).
On the other side of the flexibility trade, Norman discusses an example of
“creeping featurism” resulting in too many functions. “Microsoft Word had 311
commands” in 1992, which is noted by Norman to be “a daunting amount” (Norman
1999, 80). By 1997, Microsoft Word had “1,033 commands” (Norman 1999, 81). Rather
than focusing on large, complex systems, we should focus on smaller systems that are
highly connected: “their power comes from the way they interact” (Norman 1999, 95).
The complexity of computer systems has made it easier to difficult to use systems: “In
the past, physical structures posed their own natural constraints upon the design and
resulting complexity” (Norman 1999, 146). In the non-physical world, “Very similar tools
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may work in completely different–perhaps even contradictory–ways” (Norman 1999,
146).
There are two types of complexity in a system, which are referred to as
complexity and difficulty. While complexity is tied to the “internal mechanisms”,
difficulty deals with “the factors that affect ease of use” (Norman 1999, 167), or usability.
Ease of use involves “a feeling of control, a good conceptual model, and knowledge of
what is happening” (Norman 1999, 174). Difficulty results from arbitrary actions and a
“lack of understanding” (Norman 1999, 174). This ease of use can be measured in the
assessment of the usability of the system.

2.8 Evaluating Aesthetics

A large body of work exists on the importance and meaning of aesthetics.
Aesthetics philosophy provides many insights into the nature and causes of elegance in
designed systems but provides little detail as to the assessment of its presence. Elegant
systems may for example be able to be judged by aesthetic characteristics, such as
“looking swift” or “top-heavy”, as supported by our understanding of their usability and
underlying functionality.
While aesthetics can be “[t]he (attractive) appearance or sound of something”
("aesthetics, n.". OED Online. September 2013), it can also be defined as the broad
“appearance of something”. Leonard Koren, author of the 2010 work which “aesthetics”
do you mean? ten definitions, lists ten definitions of aesthetics, the most relevant of
which is that aesthetics can be defined as “the superficial appearance of things…a general
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term for the way things look, sound, feel, or otherwise seem on the surface; no depth is
implied” (Koren 2010, 18). An aesthetic is “a style or a sensibility…a conglomeration of
perceptible elements recognizable as a distinct variety of order” (Koren 2010, 21).
The rigorous and repeatable measurement of the aesthetics of a system or object
presents challenges. Souriau writes that It is “difficult to substitute this precious personal
sensibility any objective methods of appreciation” (Souriau 1955, 18). Visual art
criticism techniques, such as those proposed by Clements (Clements 1979) offer more
rigorous methods of assessing aesthetics. Clements advocates a three-step scientific
method to art criticism: “(1) observe significant facts; (2) hazard a hypothesis which will
account for the observed facts; and (3) test the truth of the hypothesis against new
observable evidence”. “If a certain hypothesis is true, then certain facts will be
observable” (Clements 1979, 68). While this approach provides for development and
testing of a hypothesis, it does it too individualized to provide a repeatable assessment of
the overall aesthetics of the system. Rather than defining or developing an overall
measurement of the aesthetics of a system or object, an alternate approach, as suggested
by previous work on elegance, is to decompose the aesthetic component of the system
into a set of measurable characteristics.
Design theory and art principles offer some idea for how the overall aesthetics of
a system can be broken down. As Bell writes, “It may be possible to broadly characterize
aesthetics through theory”. (Cahn and Meskin 2008, and Ross 1994). Ross agrees,
“Science can describe art” (Ross, 1994).
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Lidwell’s comprehensive Universal Principles of Design identifies a set of 125
design principles relevant to characterizing design. Several of these (aestheti-usability
effect, flexibility-usability tradeoff, and most advanced yet acceptable are discussed
elsewhere in this document) describe the relationship between form and function, others,
such as consistency and symmetry directly relate to aesthetic characteristics of elegance
as defined by previous work.
Two of Lidwell’s design principles are negatively relevant to elegance: Form
Follows Function and Satisficing. These principles provide a means to identify systems
that have symptoms of inelegance. Note that both are often found within traditional
engineering design processes and outcomes.
Form Follows Function: “The descriptive interpretations—i.e. that beauty results
from purity of function—was originally based on the belief that form follows function in
nature.” The prescriptive, states “that aesthetic considerations in design should be
secondary to functional considerations.” The Humvee military vehicle is cited by Lidwell
as an example of this philosophy. Despite its high usability, it does not share the aesthetic
characteristics of elegant systems (Lidwell et al. 2010, 106-107). Both Gelernter and
Billington discuss the negative impact of this philosophy on good design (Gelernter 1998,
7, 8, 17, 39; Billington 1983, 87, 88).
Satisficing: “It is often preferable to settle for a satisfactory solution, rather than
pursue an optimal solution” (Lidwell et al. 2010, 210-211). Originally defined by Nobel
Laureate Herbert Simon as a replacement for the goal of maximizing (Simon 1957, 204205), this principle of ‘good-enough’ is negatively correlated to elegance. Elegant
systems do not satisfice, they are very well thought out and are beyond incremental
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improvements. May argues that observation (beyond the ‘good-enough’) is necessary for
the creation of elegance, and is the antithesis to satisficing (May 2010, 153, 156). Billow,
Schumacher, and Leff also provide evidence that failure to optimize results in inelegant
systems (May 2010, 12, 72, 119, 120, 143, 151, 157, 159, 162, 174, 178-179; Billow
1999, 80; Schumacher 2007, 32-33; Leff 1997, 12, 31).

2.8.4

Novelty: Most Advanced Yet Acceptable
The Most Advanced Yet Acceptable Design Principle relates to a user’s preference

for a design that is familiar, and aesthetically advanced, but not too aesthetically
advanced. A review of experimental work in this area underscores why the concept of
novelty is relevant to elegant systems. The definitions of novel as an adjective from the
Oxford English Dictionary includes “recent”, “new, young, fresh”, “newly made or
created”, and, “of a new kind or nature; not previously imagined or thought of; (now) esp.
interestingly new or unusual.”
Hekkert defined novel as “original”, with participants rating an object on a 9point scale between not-original and original (Hekkert et al. 2003, 114).
The studies performed by Hekkert et al. attempted to scientifically show the effect
and interplay of the preference for typical versus the preference for novel: “Since a
preference for typical products seems incompatible with a desire for the new (e.g.
Whitfield, 1983), the present study is designed to clarify how these two features jointly
determine the aesthetic preference for human artifacts” (Hekkert et al. 2003, 111-112).
“Given the fact that consumer products, although functional and utilitarian, are often also
perceived with an aesthetic attitude, i.e. its aesthetic properties are deemed important, the
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same two variables may play a role in the aesthetic appreciation of these objects”
(Hekkert et al. 2003, 112). A highly negative correlation between typical and novel is
expected (Hekkert et al. 2003, 112). The hypothesis expects that, while negatively
correlated, the concepts of typical and novel “will be positively related to aesthetic
preference when the counteracting influence of these concomitant changes in the other
variable is controlled for” (Hekkert et al. 2003, 113).
“According to the preference-for-prototypes theory (Whitfield & Slatter, 1979),
the more prototypical an object is, the more it will be aesthetically preferred” (Hekkert et
al. 2003, 112). The results of the first study on typicality and novelty “strongly suggest
that both factors are equally important in explaining aesthetic preference for all kinds of
consumer products and for student and non-student participants alike” (Hekkert et al.
2003, 116). These results were also observed in the second study, plus the result that “For
experts, more than for non-expects, typical designs may be novel, and novel designs may
be typical” (Hekkert et al. 2003, 118). The results of the third study repeat the findings of
the first two studies, plus note a “very high correlation between typicality (‘goodness of
example’) and central tendency” (Hekkert et al. 2003, 120).
The conclusions reached are “that the often-observed linear relationship between
aesthetic preference and prototypicality is due to a restriction of range in novelty. That is,
if the stimulus set mainly contains well-known instances of a category or if all exemplars
are equally novel (or old), a direct effect of typicality on aesthetic preference can be
expected” (Hekkert et al. 2003, 121). The results appear to “provide an empirical basis
for the industrial design principle coined MAYA” (Hekkert et al. 2003, 122).
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2.9 Aesthetics/Usability Interactions

A common theme in the literature on elegance is the link between how a system
looks (form) and how it works (function). If we gain knowledge that a beautiful object is
not internally sound, it becomes ugly to us. Likewise, an object with utility that is ugly
will be ugly regardless of its usability (Schopenhauer 1909, § 43).
Experimental results on the independence of aesthetics and usability have not
been consistent, demonstrating both independence, meaning that conjoint measurement
theories would be applicable, and dependence, meaning that conjoint measurement
theories would not be applicable. The Aesthetics-Usability Effect stipulates these two
characteristics are not independent: “Aesthetic designs are perceived as easier to use than
less-aesthetic designs” (Lidwell et al. 2010, 20-21). This principle is supported by the
seminal work of Masaaki Kurosu and Kaori Kashimura which concluded: “Correlational
analysis of the evaluation data on the apparent usability with the inherent usability
measures revealed that the apparent usability is strongly affected by the aesthetic aspects
rather than the inherent usability” (Kurosu and Kashimura 1995, 292).
More recent studies have argued for independence: Hassenzahl argues effectively
that the two characteristics can be treated independently, based on several studies that
examined the relationship between beauty and usability. His study demonstrated that
“pragmatic quality and goodness were more influenced by using the system than beauty
and hedonic quality” (Hassenzahl 2004, 339). Others, including Overbeeke and
Wensveen (2004) and MacLennan (2006) note interactions between the two effects.
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In the case of elegance, both high usability and specific manifested aesthetic
characteristics are relevant. Whether or not they are independent or dependent factors
does not change the definition, but it may influence how adjusting one factor affects the
other.
In the field of industrial engineering, Noam Tractinsky conducted several studies
on aesthetics and usability. Tractinsky, in Israel, replicated the study by Kurosu and
Kashimura, and verified the results, with an even higher “correlation between aesthetics
and apparent usability” (Tractinsky 1997, 118), as did his second study, which “lends
further support to the overall strong correlation between apparent usability and
aesthetics” (Tractinsky 1997, 119).
In a follow-up paper three years later, Tractinsky et al. continue this discussion:
“Whereas emphasis on function stresses the importance of the artifact’s usability and
usefulness, accentuating the artifact’s form serves more the aesthetic, and perhaps social,
needs of designers and customers” (Tractinsky et al. 2000, 127), lamenting that “readers
of HCI [Human-computer interaction] textbooks can hardly find any reference to
aesthetic considerations in design” (Tractinsky et al. 2000, 128). While the industry views
aesthetics and usability as “orthogonal dimensions”, “it appears that users do not perceive
these two design dimensions as independent” (Tractinsky et al. 2000, 128). HCI systems
“are mostly analyzed in terms of their effects on human information processing rather
than on human affect and experience” (Tractinsky et al. 2000, 128). The authors speculate
that the reason for users being affected by aesthetics is, at its nature, a biological one:
“We speculate that the strong correlations found between perceived usability and
aesthetics resemble findings in the social psychology literature about the relationships
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between physical attractiveness and socially desirable characteristics” (Tractinsky et al.
2000, 129).
A study was conducted to “test whether the initial perceptions of aestheticusability relationships hold after a period of system use, and whether these perceptions
are affected by the degree of the interface’s perceived aesthetics and/or by the actual
usability of the system” (Tractinsky et al. 2000, 131). This study came to the same
conclusion as previous studies, and “found strong correlations between users’ perception
of an interface aesthetics and their perception of the usability of the entire system”
(Tractinsky et al. 2000, 139). In addition, “most surprising is the fact that postexperimental perceptions of system usability were affected by the interface’s aesthetics
and not by the actual usability of the system” (Tractinsky et al. 2000, 140). The results
disagreed with the HCI industry practice of prioritizing the pursuit and understanding of
usability over aesthetics (Tractinsky et al. 2000, 140).
In the fields of psychology and industrial design, Overbeeke and Wensveen
discussed beauty in use. Based on earlier work by Djajadiningrat, Overbeeke, &
Wensveen in 2000, the authors support the dictum “Open up the functionality of a
product (usability) in a beautiful way” (Overbeeke and Wensveen 2004, 367), with
research indicating “that there is a correlation between the expressiveness of a user’s
interaction style…and the way she feels” (Overbeeke and Wensveen 2004, 367). “Classic
descriptors of beauty (balance, symmetry) are very good predictors when reconstructing
the mood from her behavior” (Overbeeke and Wensveen 2004, 367).
In the field of psychology, Marc Hassenzahl discussed the interplay between
beauty, goodness, and usability in interactive products in 2004, with the emphasis on the
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idea that the concept of beauty should be better understood for purposes of HCI: “And as
long as humans are essential elements in the study of human-computer interaction (HCI),
to better understand beauty must be an important endeavor of the field” (Hassenzahl
2004, 319). In HCI, as stated in other fields (such as Gelernter 1998), the idea of beauty
being important is not mainstream to the practice of the discipline, quoting Russo & De
Moraes from 2003: “‘If it is pretty, it won’t work,’ summarizes one of the common
prejudices, and sometimes a pretty product is still accused of hiding ‘harm behind its
beauty’” (Hassenzahl 2004, 320-321). However, there have been studies performed with
“a focus on the subjective side of usability, namely user perceptions and experiences; on
the positive sides of using products (instead of simply avoiding usability problems), and
on human needs as a whole” (Hassenzahl 2004, 321). The goal is to address the idea that
“beauty in an interactive product might also indicate increased usability” (Hassenzahl
2004, 321). Hasenzahl and Burmester discuss a subjective questionnaire called
AttrakDiff for measuring hedonic attributes, such as “stimulation” and “identification”,
and “user-perceived usability”, otherwise known as “pragmatic attributes” (Hassenzahl
and Burmester, 2003; Hassenzahl 2004, 319).
Hassenzahl went on to conduct several studies, with the goal of the first study to
“explore the relation between the perceived low-level attribute groups pragmatic,
hedonic-stimulation, hedonic-identification, and beauty” (Hassenzahl 2004, 324). Using
a variety of graphical skins on software music players, including the skins named ts2Razor, QuickSkin, Danzig, and w98, the study found that “skins, pre-rated to be more
beautiful (ts2-Razor, QuickSkin) than others (Danzig, w98), were again perceived as
significantly different in beauty” (Hassenzahl 2004, 328). “Whereas goodness seem to be
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a consequence of the presence of pragmatic and hedonic attributes, beauty solely depends
on the product’s apparent ability to communicate identity” (Hassenzahl 2004, 330). The
results differed from previous studies: “Previous research suggested a clear relation
between usability…and beauty. This hypothesis was not supported…What is judged to be
more beautiful is not necessarily perceived as more useable” (Hassenzahl 2004, 331).
The second study was performed to assess “the impact of usage experience on
post-use ratings of the different attribute groups, beauty, and goodness” (Hassenzahl
2004, 334). The results of this study demonstrated that “pragmatic quality and goodness
were more influenced by using the system than beauty and hedonic quality” (Hassenzahl
2004, 339). “Goodness is related to pragmatism and, thus, is more influenced by the
amount of mental effort spent, although beauty was more tied to hedonic attributes and
thus not as closely related to mental effort” (Hassenzahl 2004, 339). Additionally,
“pragmatic attributes as well as goodness were affected by experience…whereas hedonic
attributes and beauty remained stable over time” (Hassenzahl 2004, 340). This is also
similar to the definition of beauty from Gelernter (Gelernter 1998, 20) as discussed
earlier in this chapter.
Norman builds on the results and arguments of Tractinsky et al. and Hassenzahl,
discussing the difficulty in better understanding concepts such as beauty, goodness, and
usability, given the intersection of liberal arts and science: “One culture is that of
humanity and literature, the other is the culture of science. Each has much to offer the
other, if only the communication gap could be traversed” (Norman 2004, 312):
Beauty is essential, so “it is not enough that we build products that function, that
are understandable and usable, we also need to build products that bring joy and
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excitement, pleasure and fun, and, yes, beauty to people’s lives” (Norman 2004, 312).
Linking it to his work in 2004, and work with colleagues in 2003 and 2005, Norman
discusses three types of beauty, resulting from different processing. While visceral beauty
is biologically driven (Norman 2004, 314), “behavioral level…is expectation driven, so
positive affect results from feeling in control” (Norman 2004, 314). “Lack of control and
mismatch between expectations and actual experiences produces negative effects”
(Norman 2004, 314). Beauty is often discussed in terms on “either surface appearances
(visceral) or deep hidden meaning (reflective)” (Norman 2004, 314). However,
behavioral beauty is “the pleasure of the smooth responses of a well-crafted mechanism,
or the anxiety when one feels out of control” (Norman 2004, 314-315). This beauty
seems more in line with the aspects of functionality identified in the characteristics of
elegance.
The topic of the effect of aesthetics and usability was also discussed by
MacLennan, who based his conclusions on Platonic Aesthetics, which ties in the
Billington’s ideas on the necessity of aesthetics for good design, viewing beauty as
objective: In addition to the importance of symmetry and harmony, simplicity is seen as a
unifying force (Hofstadter and Kuhns 1976, 27).
Examples from product development provide indications that functional usability
can be held constant as system aesthetics improves. While no conclusion can be drawn
about the dependence or independence of aesthetics and usability, there were some key
observations of the artifacts identified as Elegant by the literature. Jeff Hawkins, creator
of the PalmPilot, specifically discusses the idea that improving aesthetics by focusing on
beauty increases the elegance of the system, in relation to the design of the Palm V: “The
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goal was to produce the slimmest, most elegant and sophisticated-looking palmtop”
(Butter and Pogue 2002, 205), which implies that aesthetics can be increased while
“functional” usability is held constant.

2.10 Related Measurement Frameworks

A two-axis framework approach to modeling a characteristic defined by an
aesthetic and non-aesthetic parameter is described in Berthon et al.’s 2009 article
“Aesthetics and Ephemerality: Observing and Preserving the Luxury Brand.” While this
work is qualitative, it does provide a relevant example for a psychophysical parameter
such as luxury via a two-axis aesthetic-ontological framework.
Luxury, like elegance, is a systematic measure, more than the sum of an objects’
material:

Indeed luxury is better thought of as a concept, and thus irreducible
entirely to the material, although having various material embodiments. As
a concept it is contingent upon context—social and individual. Thus what
constitutes luxury varies with social context (i.e., in social time and place).
Moreover, it’s more than simply social—it has an intensely individual
component as well: what might be luxury to one person will be
commonplace, or perhaps even irrelevant and valueless, to another.
(Berthon et al. 2009, 47)
The authors “propose that luxury brands have three components or dimensions:
the functional, the experiential, and the symbolic” (Berthon et al. 2009, 47). The
functional dimension involves “what an object does.” The experiential dimension
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describes “the realm of individual subjective value.” The symbolic dimension describes
“the realm of the social collective” (Berthon et al. 2009, 48).
After defining the three dimensions, the authors undertake an ontological study to
define different variations, or classifications of luxury: the Modern, the Classic, the
Postmodern, and the Wabi Sabi (Berthon et al. 2009, 52). These classifications are
represented in a four quadrant framework. This framework can be used to ascertain the
type and magnitude of luxury associated with an artifact. It appears that Modern (to a
major extent) and Classic (to a minor extent) luxury appear to have some overlap with
some of the elegant systems identified by the literature, while those elegant systems have
little to no overlap with Postmodern or Wabi Sabi.
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CHAPTER 3

RESEARCH APPROACH
The method for measuring elegance discussed herein is a two-axis framework of
usability and the manifestation of specific aesthetic characteristics. Usability and
aesthetic characteristics are the appropriate parameters of measurement. Usability is
derived from the functional characteristics of elegance in the literature, and the aesthetic
characteristics are derived from observations of artifacts identified as elegant by the
literature and the examination of subjects related to aesthetics, art, and design. A
difference measurement approach was selected based on the psychophysical nature of
these measurements.
The derived aesthetic-usability framework as presented in section 4.1 measures
elegance in artifacts. In support of this argument, the literature confirms that elegance is
more than just an aesthetic characteristic (Chapter 2). Usability has been derived as a
surrogate for the non-aesthetic characteristics of elegance by identifying appropriate
characteristics, verifying them through observation and assessment, and tying them to a
specific definition of usability (section 4.2). The aesthetic characteristics are
distinguishing traits of elegant systems as defined in the literature, are demonstrated by
aesthetic observation of elegant artifacts, and are supported by expert knowledge from
the philosophy of aesthetics, universal principles of design, and principles of art (section
4.3).
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Chapter 4 demonstrates measurability of elegance within the aesthetics-usability
framework. First, observed and assessed elegant artifacts calibrate the model to what is
elegant. Second, as demonstrated with strict inequalities (Krantz et al. 2007, 155), both
the usability and the aesthetic characteristics of other products related to the original
elegant artifact, and from a similar time frame, (e.g., next generation artifacts, competing
artifacts, and revised artifacts), can be qualitatively assessed in relation to the original
artifact. With this approach, it is possible to gauge whether one product is either more or
less elegant than another by assessing usability and aesthetic characteristics. Third, it is
demonstrated that an artifact identified as elegant in the literature, but not observed
further, can be qualitatively assessed to demonstrate the presence of appropriate usability
and aesthetic characteristics. Aesthetics are not typically measured, or measurable, so the
scope of measurement is limited to specific, well-defined aesthetic characteristics. The
experiment on subjective measurement (section 4.4) demonstrates how one could collect
and analyze data to empirically combine multiple subjective inputs into a meaningful
combined assessment for measuring less objective characteristics.
To support the hypothesis that the elegance of a system can be measured, multiple
methods were applied. The research can be split into several parts. First, a consistent
definition of elegance is established. This includes both an aesthetic and non-aesthetic
definition of elegance. Second, the aesthetic and non-aesthetic characteristics of elegance
are defined in a measurable fashion. Finally, the approach to measurement is
demonstrated.
To develop the two-axis framework of measuring elegance, inductive reasoning
was applied to derive evidence from expert knowledge (proposed sources on elegance
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and measurement) to generate psychophysical characteristics of elegance. Relevant
elegant artifacts (identified as elegant by the literature) were observed and assessed to
verify the characteristics of elegance. This part of the research concluded with the
traceable, cogent idea that elegance in engineering can be defined as a combination of an
aesthetic and non-aesthetic characteristics, with the non-aesthetic characteristics being
represented by usability, and development of a method for assessing aesthetics.
The next part of the research focused on further defining sub-characteristics
representative of the usability and aesthetic characteristics and demonstrating their
measurability. First, it was deductively demonstrated that the usability sub-characteristic
can be specifically defined to encompass the non-aesthetic characteristics of elegance,
and approaches to subjectively or objectively measure usability were defined. The
characteristics of usability can be represented with a scale via difference measurement
theories.
Next, the aesthetic characteristics of elegant artifacts were deductively determined
via observation and expert knowledge, making an argument that these characteristics, in
aggregate, appraise the aesthetics of elegant artifacts as defined by the research.
Manifestation of these aesthetic characteristics can be assessed via a measurement scale
based on difference measurement theories.
In order to demonstrate the measurability of aesthetic characteristics (or
potentially other subjective characteristics related to elegance), a study was conducted to
show how one would deductively prove the measurability of specific aesthetic
characteristics related to elegance. This approach used a survey with Likert scales and
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Bayesian methods to combine subjective assessment via a structured repeatable
methodology.
The usability and aesthetic characteristics of elegance are then assessed for two
artifacts, one of which is measured to be more elegant than the other, by using strict
inequalities and approximate standard sequences.
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CHAPTER 4

METHODOLOGY

…Trying to define these elusive concepts gets us entangled in centuries of
debate about the nature of these concepts; a debate that mixes up different
issues, that cuts across world views and disciplines, that uses different
terminology to describe the same phenomena, that pits the precise
measurement of the scientist against the artist or humanist who believes
measurement is impossible and irrelevant. (Norman 2004, 312)

4.1 Elegance Measurement Framework

Contextual elegance is measured using a framework based on the aesthetic and
non-aesthetic characteristics of an engineered artifact. The resulting elegance score is
suitable for comparing functionally and temporally related engineered artifacts.
The aesthetic-usability framework used in this dissertation to assess elegance
exists for several reasons. The starting point for this approach can be found in Gelernter
and Billow. Both describe elegant artifacts, if not elegance itself, in terms of form and
function. In this case, form can be interpreted as an aesthetic axis with a scale of zero to
“rightness of form,” and function can be interpreted as a non-aesthetic axis with a scale of
zero to “Good Functioning.” The work in this dissertation adopts this type of theoretical
two-factor model and more specifically defines the measurability of these axes.
This two-axis, time-dependent framework is a valid approach for measuring
contextual elegance as a function of an artifact’s form and an artifact’s function, building
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Berthon et al.’s approach to the characterization of luxury, which is a method for taking
an aesthetically influenced characteristic and developing a simplified definition within an
associated two-axis aesthetic-ontological assessment framework (Berthon et al. 2009).
The labels of aesthetic and non-aesthetic are applied to the two axes of the framework.
Characterizing elegance as both aesthetic and non-aesthetic ties into Sibley’s
notion that elegance lacks a standardized non-aesthetic definition: Words such as elegant
“…function only or predominantly as aesthetic terms” (Sibley 1959, 422). Gelernter’s
notion of an elegance framework, although not specifically defined, includes both a
measurement of form (aesthetic) and a measure of function (non-aesthetic). Gelernter
characterizes the elegant form as “exact rightness”: “Yet the resulting design does not
seem arbitrary in the least. Its seeming inevitable rightness is a large part of its greatness”
(Gelernter 1998, 7-8). Gelernter describes the functional characteristic of elegance as
“good functioning”, as in “... machine beauty requires good functioning” (Gelernter 1998,
13). Likewise, Billow describes one criteria of elegance in terms of functionality: “the
system must function according to its stated purpose” (Billow 1999, 15). This
combination of form and function fully defines the elegance of an engineered artifact.
The derived elegance measurement framework is shown in Figure 4.1. The
vertical axis represents the manifestation of the aesthetic characteristics of elegance in an
artifact. The horizontal axis represents the usability of an artifact. The top right quadrant
is indicative of elegance. The remaining three quadrants (including the axes) are
indicative of inelegance.
This framework can be immediately applied to both the evaluation of existing
artifacts and the creation of new artifacts. If a system appears inelegant based on its
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usability or aesthetic characteristics, this framework delivers a practical vector for
improvement.

Figure 4.1: Elegance measurement framework.
For purposes of this dissertation, specific sub-characteristics of usability and
aesthetics have been defined, and are discussed in detail in Sections 4.2, 4.3, and 4.4.
While aesthetic characteristics such as slender are measurable (from aspect ratio, or
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visible lack of excess), slender as a functional characteristic describes an elegant system
(lack of excess), but is not directly measurable. Therefore, the usability characteristics in
this section are based on more traditional descriptions of usability and functionality. A
mapping of (aesthetic) characteristics to these usability characteristics is shown in Table
4.1.

Table 4.1: Characteristics used in the elegance measurement framework.
Elegant Usability characteristic

Elegant Aesthetic
characteristic

Notes

Capable

Graceful

The artifact is able to effortlessly
carry out its functions.

Pleasant & Consistent Experience

Streamlined
Smooth
Seamless
Simple
Unified
Novel

The experience of using the
artifact and the aesthetics of the
artifact can both be described in
similar manners. The aesthetics
imply that the artifact is pleasant
to look at, and the usability of
the artifact can be described
(although not measured) in
similar words.

Specific Functionality

Slender
Symmetric (balanced)

Within the usability-flexibility
space, the elegant artifact sheds
excess, both aesthetically and
functionally.

Simple yet powerful is repeatedly used to describe elegant artifacts. Mapping into
the idea of usability, “simple” implies ease of use, clarity of function, and expectations of
results, while “powerful” implies capability to perform.
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4.1.1

Non-Aesthetic Axis

Elegant artifacts are highly usable, with high functional quality. The non-aesthetic
axis measures the degree of functional quality or usability in an artifact. The link between
usability and functional quality ties the non-aesthetic characteristics of elegance to the
ideas of Gelernter and Billow, who identify multiple functionality-related characteristics
of elegance that can be traced to the concept of usability. Previous work on the
characteristics of good design has identified usability as an essential component of
functional quality and human-focused design (Lidwell et al. 2010, 102-103; Norman
1999; Norman 2013). Elegance is representative of good design, and high usability is
indicative of elegant artifacts. Therefore, usability is a suitable surrogate for the nonaesthetic characteristics of elegance.
Dieter Rams insisted that designs be verifiable. Designs should be measurably
good, using measures such as “usability or ‘functional quality’, ‘feasibility’ and ‘aesthetic
quality’” (Lovell 2012, 342). “Feasibility” is an approach to design, rather than an
evaluation of an existing system. However, there is a relationship between usability and
“functional quality,” and aesthetics” as measures of specific non-aesthetic contributions
or characteristics. Usability is the quality of how an object functions.
While sufficient research exists in the field of usability to argue that a single
measurement of usability could eventually be developed, at this point it is more feasible
to measure sub-characteristics of usability specifically related to elegance than to create a
comprehensive usability measurement. The challenge is ensuring that the usability being
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measured as a composite of sub-characteristics is a complete representation of usability
as it pertains to elegance.

4.1.2

Aesthetic Axis
Elegant artifacts have a well-defined visual style that conveys simplicity and

power. The aesthetic axis measures the degree to which desirable aesthetic characteristics
are manifested in the artifact.
The fact that an object is attractive does not define a complete picture of the
aesthetics of elegant systems. It is necessary to measure the attractiveness of a system via
the identifiable aesthetic characteristics manifested in previously studied elegant artifacts.
In this context, aesthetics is being defined as “…a system of principles for the
appreciation of the beautiful.” The “sensibilities of Japanese aesthetics” as exemplified
by shibui, represent “simplicity, elegance, beauty, functionality, restraint, reserve,
refinement, and quietude” (May 2010, 135-136).
Aesthetics plays a role in elegance, but its manifestation needs to be measurable.
Unlike usability, where many existing measurement models exist, the measurement of
aesthetics poses some additional challenges. The aesthetic portion of the framework was
developed using a combination of expert knowledge and observation of relevant
examples.
The development of the specific aesthetic characteristics is built on the logical
premise that beauty and attractiveness are required for elegance, and are at one end of the
aesthetic scale, and that their opposites, ugly and unattractive, are at the other end of this
aesthetic scale.
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Previous work on elegance identified a large set of characteristics potentially
associated with elegant artifacts. By observing artifacts that had been identified as elegant
by previous work (e.g. Apple Desktop, Boeing 707, PalmPilot, and Apple iPhone), and by
examining universal aesthetic principles and philosophies associated with good design, a
set of common characteristics has been identified. These aesthetic characteristics are
specific sets of words and phrases, with specific definitions of manifestations, as sourced
and defined by philosophy, architecture, engineering, industrial design movements, and
design principles. Although many of the aesthetic characteristics from the observed
artifacts are indicative of industrial design movements in the second quarter of the
twentieth century, these same aesthetic characteristics are identifiable in multiple pre1930’s artifacts (i.e. exhibiting streamlining before streamlining was in use in aircraft)
(Alderson et al. 2006).
Very little research exists in the field of composite measurement of aesthetics.
The sub-characteristics being discussed in this dissertation have been limited to those that
can be, or theoretically could be, physically measured to some degree. By adopting these
aesthetic characteristics, and the physical measurement of these aesthetic characteristics,
it can be argued that with examination and measurement of a large enough data-set of
elegant artifacts, a method for the calculation of a composite aesthetic characteristics
score could be developed using a regression-based approach.
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4.1.3

Limitations and Caveats

There are caveats to and limitations of this framework. First, no weighting or
ordering of the individual sub characteristics is implied. Second, no assessment of
independence or dependence is implied. While there are overlapping characteristics, for
example smooth and streamlined, or visual unity and visual simplicity, each characteristic
is individually observable. The third limitation of the framework is the degree to which
unrelated objects can be compared. It is assumed that the required level of complexity for
elegance increases as the overall average complexity of functional families increase.
While multiple elegant artifacts are identified in the literature, there is a lack of
comparison among them. It can be readily assumed that relative comparison is possible
for similar artifacts (for example, the PalmPilot and the iPhone), but relative comparisons
using this framework are not meaningful for out-of-family comparisons (for example,
comparing the iPhone to the 707 aircraft).
Aesthetic characteristics associated with elegant artifacts were identified through
observations of artifacts classified as elegant by the literature. These systems existed
during a specified time period (1950s through 2010) and were developed by a single
country (United States of America). Therefore the manifestations on objects or systems
outside of this time period or country/culture may or may not be relevant. It is assumed
that only a finite number of aesthetic characteristics of elegance exist and can manifest
themselves in artifacts.
The resultant measurement from the framework permits comparisons across a
specific functional family and timeframe, since an artifact’s perceived usability is a
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temporal characteristic. By examining elegant artifacts through the lens of the present, the
decrease in usability over time can be observed, as independent from a decrease in
functionality.
Systems considered elegant in a given time may no longer be regarded as elegant
in a future time. Usability changes over time, while functionality is consistent over time.
For example, a computer CPU from twenty years ago still retains its functional capability,
but is inherently less usable.
When a system that was at one point identified as elegant, based on its usability
and form, becomes less and less usable (due to changes to context, timeliness, and
expectations) it becomes less elegant.
From a usability standpoint, based on the subjective observations described
below, this approach would require the modern observer of an out-of-time system to be
able to define the functional expectations as they existed at the time of development and
measure the usability based on those expectations, not on present-day expectations.
Boeing 707 (1950s): Based on subjective observations, airliners in 2013 are more
capable (they can carry more passengers, they have higher performance due to better
technology, etc.). They have better convenience (personal video screens, wi-fi, flight
controls, information displays, iPads instead of manuals, etc.). Modern aircraft are also
more fuel efficient and have lower emissions, which is important in the present day, but
was not seen as important in the 1950s. Airline flights are also significantly cheaper than
they ever have been. In this case, the usability of the 1950s era Boeing 707 is lower (than
it would have been perceived in previous decades) because of the higher relative usability
of more modern descendants.
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PalmPilot Professional (late 1990s): The PalmPilot Professional is probably no longer
elegant in 2013, based on usability. The capability expected by users now includes multimedia capability, color, and high speed communication via wired and wireless methods.
This capability bleeds over into convenience—a user wants to be able to access a variety
of data on platforms hosted far away from their person, and wants to be able to access
such services from anywhere. While the PalmPilot Professional is perfectly usable for its
original intents and purposes, technology and user expectations have fundamentally
changed, and so the usability, and therefore elegance, suffers.
Apple Desktop (late 1990s): The Apple Desktop is still usable to a moderate degree,
thanks to its reliance on future technologies (of the time). Its input/output capability is
slow compared to modern computers (limited by USB 1.0, Firewire 400, and 802.11b
wireless), and its processor is significantly less capable, although its networking
capability is still reasonable. Users have moved away from CRT-based systems (for
environmental and convenience reasons) and have moved away from desktop-based
systems in general, as seen in the rise of notebook computers and post-PC devices such as
tablets. In almost all aspects, the Apple Desktop of the late 1990s is significantly less
capable (ability to run applications that are expected) and convenient (speed and
responsiveness of use, support of peripherals, etc.) than today’s desktop computers. In
this case, the usability suffers because of significant evolutionary advancements
(processor, memory, storage), as well as revolutionary advancements (LCD, portability,
operating system, etc.).
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Apple iPhone (2010): As the most modern system assessed, the iPhone 4 is still very
usable, although it is slower than more modern smartphones (so experience suffers) and it
lacks certain features (and therefore it is less capable). Still, it is able to run the current
version of the operating system, with most of the features enabled, which speaks highly
of its overall usability. In this case, the usability suffers because of evolutionary
advancements, rather than significant additional expected functionality.

4.1.4

Measurement Approach

A measurement approach is needed to describe the method for combing the
aesthetic and non-aesthetic assessments into a single score representing the overall
elegance of a system. While multiple approaches to create a measurement axiom exist,
the composite measurement of elegance and its primary sub-characteristics does not have
an apparent internal additive structure, and therefore cannot be bound by what Krantz
refers to as “extensive measurement theories” (Krantz et al. 2007, 245). First, elegance is
not a strictly physical attribute. While several components of elegance are, technically,
physical attributes, the presence of composite non-physical sub-characteristics such as
aesthetics and usability make elegance psychophysical rather than physical. As elegance
is psychophysical, there are limitations to the applicability of traditional measurement
axioms.
However, individual sub-characteristics of elegance are measurable, allowing for
a dominance-based approach to relative measurement. For example, several of the
identified aesthetic characteristics of elegant artifacts such as slender, streamlined, and
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smooth, can be physically measured. Other aesthetic characteristics can also be measured,
such as symmetry, visual simplicity and seamlessness. Many aspects of usability can be
physically measured, as least indirectly, such as processor speed translating to faster
operation, or pleasantness traced back to a specific decibel limit of jet engines.
While it is possible that the sub-characteristics of the aesthetic and non-aesthetic
components of elegance identified in this dissertation are combinable into a single
numerical score, sufficient data does not exist to construct this aggregation. Although
elegance is psychophysical and non-concatinatable, difference measurement theories
(approximate standard sequences and strict inequalities) and conjoint measurement
theories can still be applied. The measurement of the individual sub-characteristics are
further discussed in 4.2 and 4.3.
Assuming a complete model, the resultant sets of sub-characteristic measurements
can then be compared to other measured systems via difference measurement axioms
related to strict inequalities. In this manner, it is possible to compare two elegant artifacts
a and b. If all measurement sets of a are greater than or equal to the sets of b (assuming
that at least one measured sub-characteristic of a is greater than b, artifact a can be said to
be more elegant than artifact b, with greater gaps in measurements indicative of a more
significant inequality of elegance. Likewise, if measured sets of a and b are equal, the
two artifacts can be said to be equivalent in terms of elegance. Due to the lack of fidelity
in the rating scales of the measurements of the sub-characteristics, there may be some
overlap amongst the first two classifications. If the two measured artifacts display
inequalities in different directions amongst the measured sets of sub-characteristics, no
relative comparison is possible at this time.
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Example: Two artifacts are measured to have equivalent measured sets of
characteristics, with the exception of several sub-characteristics which are scored higher
for artifact a than for artifact b. Therefore it can be concluded that artifact a is more
elegant than artifact b. The Apple iPhone 4 and the Apple iPhone 5S score similarly and
above-neutral in all usability and aesthetic characteristics, but the iPhone 5S has higher
relative aesthetic characteristic scores on the sub-characteristics of slender and graceful.
Therefore, it can be concluded that the Apple iPhone 5S is more elegant than the Apple
iPhone 4.
Example: Two artifacts are measured to have equivalent measured sets of subcharacteristics. Therefore it can be concluded that artifact a is as elegant as artifact b.
The Apple iPhone 5S is available in multiple colors. Since artifact color (non-pattern) is
not shown to affect the measured sub-characteristics of elegance, these artifacts would be
considered to be of equivalent elegance.
Example: Artifact a is measured higher than artifact b in the sub-characteristics
of slender and graceful. Artifact b is measured to be higher than artifact a in all of the
sub-characteristics related to usability. Therefore, no relative elegance comparison is
possible at this time.
Of the available difference measurement theories, ratings scales are the most
applicable to the characteristics of elegance. The framework is conceptually calibrated by
placing artifacts identified as elegant by the literature at the center of the upper right
(elegant) quadrant. Conceptually, elegance is being measured in a finite manner (since it
is based a composite of finite scales), with equal spacing between the points of the ratings
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scale, so this approach is treated as a finite, equally spaced difference structure (Krantz et
al. 2007, 167).
The two sub-characteristics for measuring elegance are a low-to-high assessment
of usability and a low-to-high assessment of the manifestation of aesthetic characteristics
related to elegance. Both the usability axis and the aesthetic characteristics axis are
assumed to be bounded, and therefore are each are considered to be finite, equally spaced
difference structures (Krantz et al. 2007, 167). More elegance results from higher
usability and more manifested aesthetic characteristics. This approach is valid because it
does not assume independence or dependence of the two characteristics. The framework
seeks to measure each characteristic individually, and is not dependent on the interaction
or lack of interaction between those two characteristics. The level of fidelity for the
resultant framework for measuring elegance can also be used for comparison purposes,
assessing non-quantifiable, broad characteristics of elegance through strict inequalities
rather than seeking a strictly standard sequence (Krantz et al. 2007, 155).

Conjoint Measurement Theories and Elegance
Additive conjoint measurement would be the first choice for the development of
measurement axioms for elegance, given the representation of elegance by the two axes
of usability and aesthetic characteristics. However, the verifiable independence
requirement of conjoint measurement theories is violated in multiple form-function
interactions when measuring elegance. This problem is avoided by relying on difference
measurement theories.
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Nonetheless, the use of conjoint measurement merits additional discussion to
clarify the conditions under which it could be applied. To get beyond two separate finite
equally spaced intervals (aesthetics characteristics and usability) to one combined
measurement (elegance), the validity of conjoint measurement theories would have to be
conclusively proven with relation to elegance. This requires demonstration of the ability
to independently adjust aesthetic characteristics without affecting usability. For example,
comparing usability (in terms of functional quality) to the aesthetic characteristic of
streamlined underscores how independence cannot be proven to hold in all cases. While
in many cases an aircraft could achieve higher usability/functional quality (e.g. fly faster
or farther) without increasing streamlining, the act of decreasing streamlining would have
a negative functional effect on this functionality. Lesser interactions can be seen for other
aesthetic characteristics.
The applicability of conjoint measurement theories for developing measurement
axioms for elegance is not just an issue of the aesthetic-usability effect (which deals with
perceived versus apparent usability as it relates to beauty), it is an issue of the
independence of form and function in general. For example, making an industrial
designed object (like an iPhone) less streamlined will not affect its usability, or it will do
so at a negligible level. However, reducing the level of streamlining on the DC-3, 707, or
Concorde, will have a measurable effect on its usability. Likewise, making a set of sheep
shearers less smooth will affect the usability.
There are four approaches to dealing with this issue of potential dependence
between aesthetic and usability characteristics, the first of which is the selected approach
for this work. The first approach is to individually measure the primary components of

68

elegance, without developing a measurement axiom for elegance itself. The second
approach is to apply conjoint measurement theories (CMT), with the knowledge that they
are violated in multiple situations. This would continue to define the aesthetics portion of
elegance as a composite of the identified aesthetic characteristics. Note that while the
axioms of measurement for additive CMT hold in general, there are specific cases where
CMT does not hold (airplanes, etc.). Changing the amount of streamlining on an iMac or
an iPhone does not measurably impact usability. So while measurements and axioms can
be generated based on additive CMT, there are specific cases (as given by numerous
examples) where the independence axiom does not hold due to the interactions of form
and function. So the measurement axioms hold, with caveats. The third approach is to
remove the aesthetic characteristics that may demonstrably affect usability: Symmetry,
Smoothness, Streamlined, Graceful and Slender. Keep Visual Unity, Novel, Visual
Simplicity, and Seamless. This would work, but it does in some ways affect the aesthetic
definition of elegance (graceful and slender) in order to be compatible with a
measurement axiom. The iPhone 5S can no longer be scored higher on aesthetic
characteristics than the iPhone 4, although the iPhone 5S can still be more elegant based
on usability. The fourth approach would involve a combination of the second and third
approaches, whereby an alternate method of deriving a composite score of aesthetic
characteristics is used in cases such as aircraft or other situations in which the form
noticeably affects the function, but the default method of deriving a composite score for
aesthetic characteristics is used for other systems (so this becomes a decision gate based
on several criteria).
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Further research into the possibility of composite measurement of aesthetic,
usability, and elegance will be a key focus of future work.

4.1.5

Example Artifacts

The derived aesthetic-usability framework for measuring elegance provides a
repeatable method for assessing the elegance or inelegance of an artifact. As
demonstrated with strict inequalities (Krantz et al. 2007, 155), usability and aesthetic
characteristics of products related to the elegant artifacts, such as next-generation
artifacts, competing artifacts, and revised artifacts from similar time-frames, can be
qualitatively assessed in relation to the corresponding calibrated elegant artifact, thus
showing how one product is more or less elegant than another product. The following
two examples of elegant artifacts demonstrate conceptually how the framework can be
utilized to compare one elegant artifact to another. Previous work on elegance has not
provided this capability for comparison. For example, while most sources would agree
that information appliances (PDAs, smartphones, etc.) have become more elegant over
time, this framework-based assessment demonstrates why they have become more elegant
over time. The approach discussed in the following examples allows the comparison of
an already identified elegant artifact to another artifact in the same product family. The
expansion of this method to allow comparison between artifacts of unknown levels of
elegance will be demonstrated in Chapter 5.
First, consider the PalmPilot and the Palm V personal digital assistants from the
late 1990s. The PalmPilot was discussed by Billow as an example of an elegant artifact.
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Developed in the mid-late 1990’s, its highly constrained design (fits within the shirt
pocket of a men’s dress shirt) effectively maximized usability by carefully focusing on
user needs and removing all excess in both form and function. The Palm V was
developed several years after the PalmPilot Professional, offering nearly-identical
functionality and focused on aesthetic changes to the design. In this case, there is firsthand evidence from the creator of both devices, Jeff Hawkins, as to the intentions
involving aesthetic changes between devices. Hawkins specifically discusses the idea that
improving aesthetics by focusing on beauty increases the elegance of the system in
relation to the design of the Palm V: “The goal was to produce the slimmest, most elegant
and sophisticated-looking palmtop” (Butter and Pogue 2002, 205). In this case, the Palm
V offers very similar usability to the PalmPilot Professional. While it had a next
generation processor and more memory, its interface, hardware layout, screen resolution
and input methods were identical. However, compared to the PalmPilot Professional, the
Palm V displays higher aesthetic characteristics of visual unity, smoothness, streamlining,
novelty, visual simplicity, grace, seamlessness, and slenderness. Based on these factors,
the usability measurement of the Palm V is greater than or equal to the usability
measurement of the PalmPilot Professional, and that the aesthetic characteristics
measurement of the Palm V is measurably greater than the aesthetic characteristics
measurement of the PalmPilot Professional. It can be concluded that the Palm V is
demonstrated to be more elegant than the PalmPilot Professional, as shown in Figure 4.2.
As a second example, consider the Apple iPhone 4 and Apple iPhone 5S
smartphones. The iPhone 4 (2010) was identified by May as an example elegant artifact.
Additional observations and research confirm that in terms of both usability and
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manifested aesthetic characteristics, the iPhone meets the hypothetical definition of
elegance.
Released in 2010, the iPhone 4 was the fourth revision of the original iPhone,
which was released in 2007. The iPhone revolutionized multiple markets, including
communication, photography, music, video, and navigation. By definition, this artifact is
located within the elegant quadrant of Figure 4.3. The Apple iPhone 5S, released in
2013, measurably improves on the usability of the iPhone 4S. For example, the TouchID
fingerprint scanner on the iPhone 5S reduces the time and complexity of entering a
password to unlock the phone, building on Gelernter’s idea that “elegance is important
because it saves you twenty seconds—repeatedly” (Gelernter 1998, 83). This should save
time multiple times per day: “iPhone users spend an hour and fifteen minutes using their
phones per day, a full 26 minutes more than the typical Android phone owner” (Fetto
2013). Similarly the iPhone 5S Lightning connector versus the legacy 30-pin connector,
saves time every time it is used, because it can be plugged into the phone in either
direction. These two attributes increase the usability of the iPhone 5S. Both the iPhone 4
and the iPhone 5S support the function of interfacing to a USB-based sync/charge cable
and the function of unlocking the device via a password input. The iPhone 5S
demonstrated better functional quality, in that these functions are accomplished more
seamlessly, in less time, with less frustration.
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Figure 4.2: Hypothetical composite elegance comparison between the PalmPilot
Professional and Palm V using the elegance measurement framework.
Apple claims the A7 processor in the iPhone 5S is approximately four times faster
than the A5 processor in the iPhone 4S (the 2011 successor to the iPhone 4S which was
already significantly faster than the A4 processor in the iPhone 4). The camera enjoys
additional capability due to a slightly larger sensor and the additional processing power.
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Figure 4.3: Hypothetical elegance comparison between iPhone 4 and iPhone 5S. using the
elegance measurement framework.
In addition, the iPhone 5S contains the M7 coprocessor, which provides additional
functionality. The larger screen allows for more data to be displayed (increased
capability) but still allows one-handed operation (no negative impact on overall
usability). The iPhone 5S demonstrates increased elegance characteristics of masked
complexity (TouchID, Lightning), pleasant and consistent (TouchID, Lightning),
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simplicity and power (TouchID, Lightning, Camera, Performance), high functionality
(Camera, Performance), and unifying (integration of TouchID). Thus the phone is
observably more capable.
Aesthetically, the iPhone 5S is thinner, longer, and lighter than the iPhone 4,
demonstrating a higher degree of the aesthetic characteristics of slender and graceful than
the iPhone 4/4S. Via strict inequality, the iPhone 5S would be assessed as having both a
higher usability score and a higher aesthetic characteristics score, which makes the
iPhone 5S definitively more elegant than the iPhone 4, as shown in Figure 4.3.

4.2 Measurement of Usability Characteristics of Elegant Artifacts

The non-aesthetic component of elegance in engineered artifacts is represented by
the usability of the artifact being measured. The usability in question is a measurement of
the specific functional characteristics of elegant systems, including overall functionality,
the user experience, and specificity of the functionality. In Chapter 2, multiple nonaesthetic characteristics of elegance were identified. These were rolled up into three
primary non-aesthetic sub-characteristics (capability, specific functionality, user
experience), and the measurement of these three sub-characteristics are discussed below.
The concept of usability as the appropriate measure of the non-aesthetic
component of elegant systems, and these three sub-characteristics of usability, are valid
for several reasons. Dieter Rams specifically identifies the characteristic of functional
quality as one of the three characteristics of a good design, and then links the idea of
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functional quality to usability. Therefore, the type of usability being discussed when
related to elegance centers on the concept of functional quality.
The three attributes of interest for defining usability are capability (elegant
artifacts have “good functioning” and are “highly functional”), user experience (elegant
artifacts are pleasant to use, and operate in a consistent manner), and specific
functionality (elegant artifacts do exactly what they need to do, and nothing more - they
are specifically tailored to their required functionality. User experience and contextual
functionality can also be represented by the attribute of Convenience, but are broken out
for greater clarification. While these three characteristics were specifically derived for
measuring elegance, they map neatly into established approaches of measuring usability.
“ISO/IEC 9241 (1998) specifies three dimensions: effectiveness, efficiency and
satisfaction” (Ham 2013, 1). “Software is usable when it allows the user to execute his
task effectively, efficiently, and with satisfaction in the specified context of use” (Abran
et al. 2003, 331). This approach has been used in numerous additional studies on usability
(Abrahão and Insfran 2006).

Table 4.2: Comparison between independently-derived usability characteristics.
ISO/IEC 9241 (1998) Usability

Usability characteristics of elegance
(independently derived)

Effectiveness

Capability

Efficiency

Specific functionality

Satisfaction

Experience

As in the aesthetic characteristics discussion, it needs to be stated that there is
overlap between the usability characteristics discussed, due primarily to the wide range of
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approaches for measuring usability. Each of the usability characteristics are specifically
tied to the literature, and thus should all be used to measure the non-aesthetic
characteristics of elegant artifacts. The derivation of each characteristic and its
measurability is discussed in the following sections. The application of these
measurements will be demonstrated in section 4.4 for a subset of techniques
discussed to measure these usability characteristics.
Each characteristic has a specific definition, but they are not strictly
independent of one another. Because this elegance framework is based on a
dominance model, as described in section 4.1, independence among the
characteristics is not required. Future work that could result in a composite
measurement (additive or otherwise) of usability characteristics would be required to
take this independence into consideration.
The use of a five point scale is used for two several reasons. First, it allows for a
neutral measurement. Second, it allows for the comparison of two artifacts that are both
elegant (or both inelegant), where one artifact is measurably more elegant (or inelegant)
that the other artifact.

4.2.1

Capability

Capability is a measure of overall performance of an artifact. Highly capable
artifacts are powerful. Capability reflects the overall power and fitness of an artifact, in
relation to both the artifact’s performance capacity and the expectations of performance
from the user. For example, exceeding the expectations of performance results in a higher
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measured capability. Likewise, capability related devices can be comparatively measured
based on performance parameters such as processing speed, air-speed, maneuverability,
pixel density, connectivity options and speed, and many others. Capability is tangentially
related to availability, robustness, and efficiency.
Identifying capability as a key usability characteristic of elegant artifacts supports
the notion that elegance can be defined as being simple and powerful, mapping high
capability to powerful: “The beauty of a proof or machine lies in a happy marriage of
simplicity and power - power meaning the ability to accomplish a wide range of tasks, get
a lot done” (Gelernter 1998, 2). Power is a part of elegance (Billow 1999, 8). Elegant
artifacts cannot sacrifice “effectiveness” for the sake of being less complex (Billow 1999,
15). Elegance implies “surprising power” (May 2010, 16). Regardless of the
requirements an artifact is designed to, the ultimate judge of capability is the user (Billow
1999, 17).
Measurement
Capability can be quantitatively measured via observation and analysis. If artifact
A can do something faster and/or better than artifact B, artifact A is more capable. The
measurement would not only depend on relative performance, but also on the
expectations of the artifacts being measured. Measuring this characteristic is only useful
if the two artifacts being compared are within product family. An overall qualitative
ranking can be achieved by taking a series of quantitative measurements and performing
relative comparisons.
The challenge in measuring capability in an engineered artifact is choosing the
performance parameters to measure. When considering the capability of an artifact as
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part of an assessment of its elegance, absolute capability (as derived from the artifact’s
specifications) is less important that the perceived/effective capability. In terms of a
specification comparison, a PalmPilot would have lost (badly) every time to a competing
device of the time (Windows CE PDA, Apple Newton, PocketPC). Despite its lower
specifications, the PalmPilot was able to compete successfully due to its
perceived/effective capability being equal or greater than its competitors, while being
significantly easier to use. Therefore, derivative measurements such as thrust/weight may
be more useful than thrust alone. If an artifact reliably demonstrates a one-of-a-kind (or
very rare) capability, it is measured to be highly capable because it is competing against
zero capability. In the more likely scenario of comparing two or more similar artifacts, all
or some of the following performance parameters can be quantitatively measured: speed,
bandwidth, stability, and reliability.
One specification-based capability measurement is speed, which can include
responsiveness, smooth operation and perceived speed of executing tasks and switching
tasks. Speed can be measured with a time measurement device.
This is applicable to the Boeing 707 (speed and responsiveness of operation) as
well as to the Dyson Model 302 rotary telephone (smoothness of the rotary dial
mechanism, including the motions to use it, and lack of friction in picking up and
hanging up the handset). Speed can also include refresh-rate of a sensor or monitor. A
tracking sensor with faster refresh/response will be more capable than one with slower
response. The iPhone touch-interface was capable due to its immediate response and
smoothness of operation.

79

Bandwidth is defined by efficiency and effectiveness of operation. It can apply to
both hardware and software. The wireless standard 802.11b is less capable than 802.11n,
which can transmit more data per unit time. Laser communication is more capable than
radiofrequency communication because it supports higher rates of data transmission.
Unlike conventional functional specification assessment, the usability-focused
assessment of bandwidth means that a lower-density display may have equal or higher
bandwidth. Even though the PalmPilot had a lower resolution screen than the competing
Windows CE and Apple Newton, the interface and software was constructed in such a
way to be able to display a similar amount of information on a smaller screen. Likewise,
a lower megapixel camera sensor may have superior bandwidth due to superior signal-tonoise processing. Bandwidth can be quantitatively measured via data rate or pixel count,
or qualitatively via observation.

Table 4.3: Proposed measurement scale for capability.
Capability

Description

Example

4-5 (high)

Powerful. Performance is significantly
higher than competing artifacts or
approaches in terms of speed, bandwidth,
and reliability. Unique or very rare
capability.

Boeing 707 (1950s)
Concorde (1970s+)
Saturn V (1960s+)
PalmPilot (1990s)
Douglas DC-3 (1930s)
iPhone 5S (2013)
Lunar Module (1969+)
iPhone 4 (2010)

3 (neutral)

Of average power, speed, bandwidth, and
reliability. Performance is not noticeably
different than competing artifacts or
approaches. Common capability.

Apple Desktop
Microsoft Windows
Ford Tri-Motor (1930s)
iPhone 4 (2013)

1-2 (low)

Weak. Performance is significantly lower
than competing artifacts or approaches,
in terms of speed, bandwidth, and
reliability.

de Havilland Comet (1950s)
Zoomer PDA (1990s)
Windows CE (2000)
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Reliability is a measure of the likelihood of an artifact performing to its required
capability over a specified period of time. A computer that crashes frequently is less
capable than a computer that crashes infrequently. An aircraft that crashes more
frequently is less capable than an aircraft that crashes more infrequently. Reliability can
be measured quantitatively using multiple traditional or theoretical methods.
Table 4.3 provides an example of a 1-5 assessment scale that can be used to assess
the capability of an engineered artifact. Examples of artifacts are provided for each
rating level.

Examples
The Apple iPhone 5S (released 2013) and the iPhone 4 (released 2010) provide a
similar experience and aesthetic; however, the processor in the iPhone 5S is significantly
faster than the processor in the iPhone 4. The camera in the iPhone 5S is more powerful
than in the iPhone 4. The wireless networking is faster in the iPhone 4. The iPhone 5S
has a larger screen with more pixels, displaying more information. Based on this, the
iPhone 5S is measured to have higher capability than the iPhone 4.
The Boeing 707 could fly faster than the competing turbo-prop aircraft. The
Boeing 707 was also more reliable than its jet-based competitor, the de Havilland Comet.
The Boeing 707 is measured to have higher capability. The de Havilland comet is
measured to have lower capability. By the mid-1960s, when other jet airliners such as the
DC-8, DC-9, Boeing 727 and 737 entered service, the 707 capability would be seen as
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average, rather than high. Similarly, the Concorde measured highly capable throughout
its entire lifespan, with its only competitor being the TU-144.
The Saturn V was highly capable as measured by mass and volume delivered to
orbit. The Space Shuttle was not as capable along the same performance parameters. The
Space Shuttle did possess significant other capabilities, but these were not useful to the
customer, or their potential usability was overshadowed by a lack of capability to deliver
payloads to orbit. The Lunar Lander is highly capable because it provides a truly unique
capability.

4.2.2

Specific Functionality

Specific functionality is a characteristic that can be observed and measured to
determine the elegance, or relative elegance of an elegant artifact. Note that the phrase
specific functionality may be overly descriptive, but covers the idea that an elegant
artifact has the “right” functionality (or focused suitability) versus an artifact that has “too
much” or “too little” functionality. An elegant artifact satisfies a clear set of needs, even
though the user may not realize his or her needs until they use the elegant artifact.
Specific functionality includes suitability and flexibility. It discriminates between
excessive functionality (too many functions) and inadequate functionality (too few
functions). Specific functionality is neither concerned with the power with which these
functions are carried out (an element of capability), nor with the experience of using the
artifact. However, there is a relationship between specific functionality and user
experience since excessive functionality could result in a bad user experience.
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To be elegant, the system has to have the “right” amount of functionality: “Doing
more and pushing harder than actually necessary can impede and even reverse progress
by introducing overload, inconsistency, and waste” (May 2010, 116). While the new
product could be a failure, “it wouldn’t be because it had been junked up with
unnecessary functions” (Butter and Pogue 2002, 81). So, “the team became experts on
killing features” (Butter and Pogue 2002, 81). The features that were selected, such as
hardware application buttons, were essential to the core functionality. Per Rob Haitani
(product manager for the first generation PalmPilot): “You want one-touch access to your
schedule. The only way you can do that is if the application button doubles as a power
button” (Bergman 2000, 84). “Information appliances provide dedicated user interfaces
tuned to the needs of the device and its users….This dedicated interface allows product
designers to build in the I/O mechanisms that best meet the requirements of the device
and to create software that is well matched” (Bergman 2000, 39). For example, the
datebook was designed to be used differently on a handheld than it was on a desktop:
“You’re much more likely to want to see your schedule for today than you are to see the
last day you happened to have been looking at” (Bergman 2000, 84). Excess is the
opposite of elegance: additional complexity in an already complex system. The enemy of
elegance is not complexity. The enemy of elegance is excess (May 2010, 105).
“Ultimately, the best software design assimilates all its functions to a few clear and
simple principles” (Gelernter 1998, 47). Elegant artifacts are design around constraints
(externally-imposed or self-imposed) that purposefully “limit the possible actions that can
be performed on a system” (Lidwell et al. 2010, 60-61). Although the follow on the
PalmPilot could have added new features, Jeff Hawkins focused on making the Palm V
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more elegant by keeping the feature set very similar to the PalmPilot (Butter and Pogue
2002, 204-205). Palm focused on the usability of core functions, following the mantra
that “less is more” (Bergman 2000, 98). The PalmPilot was designed around the
“execution” of features, not just around the features (Bergman 2000, 101). Since
flexibility results in decreased usability (Lidwell et al. 2010, 102-103), “elegant designs
seek to balance the constraints inherent in any design project in order to develop a unified
whole that works on every level” (Leff 1997, 8).

Measurement
There exists a functional range at which an artifact lacks flexibility and excess,
yet is still able to meet a user's needs. The elegant usability characteristic of specific
functionality is measured as an inverted U. High specific functionality is measured when
an artifact has appropriate and sufficient (but not excessive) features. This is the realm at
which the artifact meets users’ needs by meeting unarticulated needs or removing or
replacing functions that the user thought they needed, but did not actually need. Low
specific functionality is measured when an artifact has excessive features (more features
than the user needs or desires) or when an artifact has insufficient features to meet the
user’s needs. So, while two artifacts can be measured with low specific functionality, it
may be for opposite reasons. A quantitative measurement of specific functionality can be
taken by a combination of analysis and observation. Per Norman’s example of Microsoft
Word gaining over 700 features between 1992 and 1997, an analysis of the features
offered versus used, relative to other competing systems, would quantifiably measure this

84

characteristic (Norman 1999, 95). As will be discussed below, the four elegant artifacts
observed have significantly paired back features and functionality.
Table 4.4 provides an example of a 1-5 assessment scale that can be used to
assess the specific functionality of an engineered artifact. Example artifacts are provided
for each rating level.

Table 4.4: Proposed measurement scale for specific functionality.
Specific Functionality

Description

Example

4-5 (high)

Well suited to perceived and actual
use. Lack of excess functionality.
High percentage of available
features are used and most or all of
the desired features are available.

PalmPilot Professional (late 1990s)
Palm V (late 1990s)
Boeing 707 (1950s)
iMac (late 1990s)
iPhone (2007-2014)
Apollo Lunar Lander (1960s)
Concorde (1970s+)

3 (neutral)

Mild excess functionality or mild
insufficient functionality. Many of
the features are regularly used or
several desired features are
unavailable.

Space Shuttle (1980s)

1-2 (low)

Significant excess functionality or
significant insufficient
functionality. Few of the features
are regularly used or many desired
features are unavailable.

Microsoft Windows (all versions)
Samsung Galaxy 4 (2013)

Examples
The PalmPilot Professional has limited functionality. While previous attempts at
handheld computers had attempted to replicate a desktop computer, the PalmPilot was
designed to augment the desktop computer. Hence, the amount of functions it could do
were reduced to a constrained set of core functionality. While users had “thought” they
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wanted a handheld desktop computer, they apparently wanted a much more limited
device. Even the text input for the PalmPilot was strictly limited to a set of defined
Graffiti stylus strokes. Competitors and prior products that failed to capture this limited
contextual functionality included the Casio Zoomer (too many functions and too little
power), the Apple Newton (too many functions and poor user experience) the Microsoft
Windows CE and PocketPC devices (too many functions, too little power, poor user
experience). The drive to limit this functionality in the PalmPilot allowed the device to
retain the desired aesthetic characteristics (slender, smooth, seamless, and so on) which
resulted in an elegant artifact.
The Boeing 707 also had carefully limited functionality. While it had more power
than its competitors, in its ability to fly higher and faster, it (initially) had a shorter range.
While this would seem like a key performance parameter, the traded reduction in range
allowed the aircraft to retain the desired aesthetic characteristics (slender, smooth,
seamless, graceful, streamlined, and so on), which resulted in an elegant aircraft. The
Boeing 707 had the “right” functionality which pleased its customers and operators,
without excessive functionality to increase cost and decrease reliability. Note that, as
observed by the literature, aerospace systems are so constrained that they may tend
toward this characteristic of elegance (Leff 1997, 28).

4.2.3

User Experience
User experience is the overall experience a user encounters while using a system.

An elegant artifact provides its user with a pleasant and consistent user experience.
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The experience of being comfortable and simple to use promotes the idea of
convenience, which is one of the two central aspects of being usable. If capability is tied
to the idea that elegance is powerful, and specific functionality is tied to the idea that
elegance is a balance of being simple and being powerful, then experience is tied to the
idea that elegance is simple. Based on its ties to feminine characteristics, the presence of
elegance makes things easier to use (less memorization, less physical strength, less
exposure to elements, etc.), makes things less frustrating to use (expected behaviors,
common interfaces, etc.), and makes things more pleasurable to use (better look and feel,
caring about appearance). The link between ease of use, feminine, and elegance is found
in examples dealing with the electric starter motor, the aesthetics of automobiles, and the
Microsoft DOS and Windows compared to the Apple Desktop (Gelernter 1998, 41, 42).
“Simplicity is a dominating characteristic of many elegant solutions” (Billow 1999, 15,
57). Elegant design is based on simplicity, even “uncommon simplicity” (Leff 1997, 12;
May 2010, 16), which ideally masks the significant effort undertaken to achieve
simplicity. The parts of elegant artifacts “mutually inflect and adapt to each other,
achieving integration via various modes of spatial interlocking, soft transitions at the
boundaries between parts, morphological affiliation, and so on” (Schumacher 2007, 33).
As a result of elegance, “[w]hat once seemed complicated and obscure instantly seems to
make sense and becomes obvious” (Billow 1999, 69). The experience of using elegant
artifacts “saves you twenty seconds – repeatedly”(Gelernter 1998, 83). This is “the
difference between a pleasantly productive environment and an irritatingly unproductive
one” (Gelernter 1998, 83). This usability and positive experience is always recognized
by the user (Gelernter 1998, 29). Products cause the user to lose faith if they do not
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operate in a consistent manner (Billow 1999, 73). Focusing on increasingly the user’s
accessibility of an existing can increase the usability of a system (Billow 1999, 18).
Expected results will always happen as a result of user interaction (Billow 1999, 74).
“Visual ambiguity can be extremely detrimental to a product’s success” (Billow 1999,
73). Leff states that “Elegant solutions recognize their context and communicate their
function” (Leff 1997, 8). The primary function of a product includes “appealing and
communicating to the customer” (Billow 1999, 67-68). “Elegant solutions communicate
sense” (Leff 1997, 24). “[T]echnology’s single most important obligation is to get out of
the way” (Gelernter 1998, 50). The ability for an elegant system to get out of the way is
important: “The same penchant we have to “fill in”, to add, is exactly why elegance,
being subtractive, is so elusive” (May 2010, 23). “Cezanne believed that thinking and
imagining were the key to truly seeing, and thought through each masterful stroke of his
brush, carefully leaving out what he wished the viewer’s imagination to finish” (May
2010, 77). Usability involves differing amounts of perceived control and the perceived
understanding of how and why the system is behaving in a certain way (Norman 1999,
174).

Measurement
The degree to which an artifact provides a pleasant and consistent user experience
can be measured via existing scientific methods for measuring perceived usability. For
example, the use of the AttraDiff 2 questionnaire scale has been used to measure
“perceived pragmatic quality (PQ)” (Hassenzahl 2004, 326). Previous studies
(Hassenzahl 2002; Hassenzahl et al. 2000; Kunze 2001) have used similar approaches. “A
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high PQ score primarily implies high usability” (Hassenzahl 2004, 327). Pragmatic
quality uses subjectively measured scales with the following anchors: technical-human,
complicated-simple, impractical-practical, cumbersome-direct, unpredictable-predictable,
confusing-clear-, and unruly-manageable (Hassenzahl 2004, 327). Usability has also been
measured by varying user experience factors. These factors include “longer system delays
(of 9 seconds on average per task), buttons that did no operate the first time they were
pressed, and one task that prevented the users from taking a short cut for its completion”
(Tractinsky et al. 2000, 132). This approach was found to have a “significant effect on
completion times” (Tractinsky et al. 2000, 135).
Table 4.5 provides an example of a 1-5 assessment scale that can be used to
assess the user experience provided by an engineered artifact. Example artifacts are
provided for each rating level.
Table 4.5: Proposed measurement scale for user experience.
User Experience

Description

Example

4-5 (high)

Highly pleasant and
consistent/positive experience
(human, simple, practical, direct,
predictable, clear, manageable)

Boeing 707 (1950s)
Apple Desktop (1980s+)
PalmPilot (1990s)
Apple iPhone (2007-present)

3 (neutral)

Neutral experience

1-2 (low)

Highly irritating and
inconsistent/negative experience
(technical, complicated, impractical,
cumbersome, unpredictable,
confusing, unruly).
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de Havilland Comet (1950s)
Windows CE (2000)
Windows 8 (2012-present)

Examples
The idea of pleasant and consistent experience is evident in the design of an
elegant artifact. For the PalmPilot, software conventions such as the wait cursor
(hourglass or wristwatch) were “banished”. Slow code that would have required a wait
cursor was re-written to work faster. “To the extent that it is technically possible, this tiny
OS should be able to recover from its own problems”, and thus there “should be no need
for error messages to startle the consumer” (Butter and Pogue 2002, 82). A focus was
made on minimizing the information needed on the screen, and minimizing the number of
stylus taps required to do any function on the machine”, which came “to describe the
design philosophy of simplicity and immediacy”, “the Zen of Palm” (Butter and Pogue
2002, 83-84). The Palm OS used approximately 40K of memory, “that’s about onequarter of 1 percent of the memory required by Windows 9x” (Pogue 1999, 3). The Palm
had no internal moving parts (like a disk drive), all files are stored in memory, the
machine wakes up instantaneously, and there is neither a save command or a quit
command (Pogue 1999, 3). For the Apple iPhone, “The fingers dance, the technology
vanishes into the numinous, and we no longer feel powerless” (Schulze and Grätz 2011,
39). The iPhone “implies… the promise that the device advertised is more than just a
telephone, and with it, it is possible to experience new dimensions in all areas of life”
(Schulze and Grätz 2011, 19). “iPhone users spend an hour and fifteen minutes using
their phones per day, a full 26 minutes more than the typical Android phone owner”
(Fetto 2013).
…the Apple team could see the BlackBerry’s weakness clear as a bell. It
was complicated. It had some good functionality–but its capabilities were
nested so deeply within multiple menus, even the most tech-savvy didn’t
often think to use them. Apple’s idea was pure simplicity… it would make
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all of these capabilities so easy to use–and so obvious–that using them
would seem second nature. (Segall 2012, 194).
For many, iPhone was easy to fall in love with. It offered gorgeous design
and amazing functionality. It was the kind of device that made you smile
whenever you touched it. (Segall 2012, 195).
For the Apple Desktop, the experience was key. “Elegance made these computers
easy to set up, use, maintain, and generally get along with” (Gelernter 1998, 31). Per
Lashinsky 2012: “Microsoft Word is loaded with features no normal user will ever see.
Macintosh computers work straight out of the box and are the picture of simplicity”
(Lashinsky 2012, 59).
The Apple Desktop: simple and powerful insofar as it lets you pick your
way through the unfamiliar terrain of the world inside the computer by
following your real-world, physical-document instincts (Gelernter 1998,
35)
In its organoid form of translucent plastic and its candy colors, the iMac
represented a delayed homage to the era of the hippies and of Pop Art.
With it, what began was, however, not only the age of the computer as
consumer good and lifestyle product. What was created was also a product
that visually connected function for everyone with emotion. (Schulze and
Grätz 2011, 36).
“The desktop idea allowed you to do things yourself instead of telling the
computer how to do them, and helped you maintain a sense of context and the big
picture” (Gelernter 1998, 33). The Apple desktop works the same way as espalier. The
icons and windows, all different “obey the same underlying rules and are neatly laid out
on the screen,” as well as common drawing styles and fonts (Gelernter 1998, 34). The
concept of using the physical desktop as a mental model along with icons to represent
documents and programs is easily understood after of a short time of use (Billow 1999,
48).
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4.2.4

Summary

The three identified usability characteristics of elegant artifacts (capability,
specific functionality, and user experience) are sufficiently distinct and measurable to
allow the development of qualitative assessment scales. Applications of these usability
characteristics will be discussed in Section 4.4.

4.3 Measurement of Aesthetic Characteristics of Elegant Artifacts
Aesthetics is a system of principles for the appreciation of the beautiful. The
“principles for appreciation of the beautiful” that relate to elegance include beautiful,
reserved, light, graceful, and quiet. (May 2010, 135-136).
These aesthetic characteristics were identified via a combination of observation of
artifacts identified as elegant by the literature, aesthetic characteristics of elegance
identified by the literature, review of aesthetics philosophy, art, industrial design, and
universal principles of design.
As there is inherent historical difficulty in measuring aesthetics and aestheticrelated features of an artifact, the approach selected was to focus on discrete, measurably
characteristics of aesthetics, rather than the overall aesthetics themselves.
The contribution of this work was to identify the relevant aesthetic characteristics
of elegant artifacts. This work did not assess the independence of the aesthetic
characteristics amongst other aesthetic characteristics sub-characteristics (as described
below) or against usability sub-characteristics (as discussed in 4.1 and 4.4).
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These aesthetic characteristics can be categorized into three categories: form,
style, and surface. It is hypothesized that there exists a way to mathematically combine
the individual aesthetic characteristics into these categories, and that there exists a way to
mathematically combine these groups of aesthetic characteristics into a composite
aesthetic characteristics measurement. This effort was outside the scope of this
dissertation, but is a likely and useful part of future work.
Nine aesthetic characteristics of elegant artifacts have been identified and sourced.
It should be noted that while all of these characteristics are partially or totally subjective,
there are scientifically validated techniques, such as Bayesian Truth Serum (Prelec 2004),
discussed in section 4.4, that are designed to measure totally subjective characteristics.
Also, specific and repeatable ways of identifying and measuring characteristics could be
developed to be used in engineering applications, and could be taught to engineering
students, as derived from Clements approach to teaching visual art criticism (Clements
1979).

4.3.1

Identification of Aesthetic Characteristics

Nine characteristics have been identified that are indicative of the aesthetics
of an elegant artifact. The aesthetic characteristics tend towards beautiful rather than
ugly, and simple rather than complex.
The nine characteristics are:
•
•
•
•

Symmetry
Smoothness
Seamlessness
Gracefulness
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•
•
•
•
•

Slender
Visual Simplicity
Novelty
Streamlining
Visual Unity
Each characteristic has a specific definition, but they are not strictly

independent of one another. For example, an artifact that is streamlined usually, but
not always, has slender characteristics as well. The Apple iMac G3 is streamlined,
but it is not as slender. Because this elegance framework is based on a dominance
model, as described in section 4.1, independence among the characteristics is not
required. Future work that could result in an composite measurement (additive or
otherwise) of aesthetic characteristics would need to take this independence into
consideration.
The Palm V is more elegant than the PalmPilot Professional (Butter and Pogue
2002, 205). The Palm V is measurably more slender, more streamlined, more smooth,
and more seamless. The Boeing 707 and the Concorde both show evidence of
streamlining, but the Concorde is observably more slender. The Space Shuttle is
streamlined but not slender compared to the Saturn V, which is streamlined and slender.
The Lunar Module is slender, but not streamlined, and so on.
The derivation of each characteristic and its measurability is discussed in the
following sections. For those characteristics for which direct measurement is possible, a
measurement scale and approach is identified. The application of these measurements
will be demonstrated in section 4.4 for a subset of these aesthetic characteristics.
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4.3.2

Symmetry (Form)

Symmetry encompasses bilateral, rotational, and recursive symmetry, and/or a lack
of overpowering asymmetry.
Symmetry is found in all four elegant artifacts examined, and is repeatedly
identified by Gelernter and May as a characteristic of elegant artifacts. Gelernter
identifies recursive symmetry and patterns as key aspects of elegant artifacts (Gelernter
1998, 34, 59). May classifies symmetry as one of the four primary characteristics of
elegance, and discusses all three types (May 2010, 21, 29-31, 41, 51). Leff identifies
symmetry as related to elegance, “…balancing the tensions of the various issues that pull
on a designer’s attention” (Leff 1997, 8) and leading to a “natural justice” (Leff 1997,
52). Fuller identifies the importance of recognizing symmetry and elegance in nature
(Fuller 1982, 24).
Symmetry is important to three Universal Design Principles, including Symmetry
as visual equivalence (Lidwell et al. 2010, 234-235), Self-Similarity, which captures the
idea of recursive symmetry (Lidwell et al. 2010, 218-219), and Law of Prägnanz, which
deals with the interpretation of symmetrical versus asymmetrical compositions (Lidwell
et al. 2010, 144-145).
Symmetry is linked to Vitruvius’ concept of harmony (Vitruvius 1960, 75).
Finally, the idea of symmetry is tied to the artistic principle of balance. An artifact
could still have appropriate aesthetics related to symmetry if it displays bilateral (or
potentially rotational) asymmetry in a balanced composition (Sayre 2004, 168).
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Measurement
Bilateral, rotational, and recursive symmetry can be directly measured. Rotational
symmetry can be measured geometrically via direct angular observations and patterns
that revolve around a central axis. Bilateral symmetry can be measured geometrically via
measurement of surfaces and structures that are mirrored on central axis. Recursive
symmetry is usually observed, but could also be measured via approaches such as fractal
complexity, with complexity values between 1.3 and 1.5 being preferred (May 2010, 49).
Balance in an engineering artifact could be measured via wind tunnel analysis.
Table 4.6 provides an example of a 1-5 assessment scale that can be used to
assess the symmetry of an engineered artifact. Example artifacts are provided for each
rating level.

Table 4.6: Proposed measurement scale for symmetry.
Symmetry

Description

Example

4-5 (high)

Multiple types of visual symmetry, strong
balance
Minimal visual symmetry and asymmetry or
lack of visual symmetry and asymmetry

Apollo Lunar Module, Concorde

Strong visual asymmetry/lack of balance

Boeing X-32? Maybe a 2

3 (neutral)

1-2 (low)

Space Shuttle?
Palm Pilot? (Maybe a 4)

Examples
As shown in the image in Figure 4.4, the Apollo Lunar Module displays
conclusive evidence of rotational symmetry. The geometry of the Descent Stage is
octagonal in form. There is a pattern of four near-identical landing legs spaced at ninety
degrees around the central axis of the artifact.
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Recursive symmetry is present because the Ascent Stage is a scaled-down
repetition of the entire vehicle as a whole (propulsion, power, structure, etc.). Limited
bilateral symmetry is observed by splitting the artifact along a plane that is parallel to the
central axis and orthogonal to the entry hatch. Observed asymmetries are minimal, and
are offset by a functionally observable balance and controllability.

Figure 4.4: Apollo Lunar Module.

The Space Shuttle displays bilateral left-right symmetry observed on either side of a
plane bisecting the launch stack perpendicular to the surface area of the Orbiter wing. All
elements of the Space Shuttle contribute to this system-level bilateral symmetry. While
individual elements such as the External Tank and the Solid Rocket Booster display
obvious rotational symmetry, the system as a whole displays little rotational symmetry.
Likewise, the parallel staging of the Space Shuttle results in minimal recursive symmetry.
It could be argued that recursive symmetry is present in the Solid Rocket Boosters, with a
booster being made up of essentially smaller versions of itself. However, as these
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segments do not function independently they are not considered to have recursive
symmetry.
In comparing the two systems, the Lunar Module is measured to have a higher
symmetry score, and the Space Shuttle is measured to have a lower symmetry score.

4.3.3

Smoothness (Surface)

Smoothness is defined as having a continuous even surface, with minimal
protrusions. It is a classical contributor to beauty, and is universally present in elegant
artifacts. In the case of elegant artifacts, smoothness also reflects the overall continuity of
form.
Smoothness is an indicator of elegant aesthetics. Smoothness is found in all four
elegant artifacts examined, and is instrumental to the Contour Bias universal principle of
design: “A tendency to favor objects with contours over objects with sharp angles or
points” (Lidwell et al. 2010, 62-63). Furthermore, smoothness is found in additional
elegant artifacts, specifically the Dyson Model 302 telephone and the Hoover Dam
(Gelernter 1998, 7).

Measurement
Smoothness can be quantitatively measured via the first derivative of the surface
lines of the system. Surface lines of smooth artifacts have a continuous first derivative.
From a qualitative standpoint, smoothness can be observed via material and continuity of
form and line.
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The table below provides an example of a 1-5 assessment scale that can be used to
assess the smoothness of an engineered artifact. Example artifacts are provided for each
rating level.

Table 4.7: Proposed measurement scale for smoothness.
Smoothness

Description

Example

4-5 (high)

Smooth: continuous even surface, flat
or curved

iPhone 4: Glass and metal
Boeing 707
Apple iMac
Concorde

3 (neutral)

Neither smooth nor rough, or both
exhibiting both smoothness and
roughness

Space Shuttle (3 -4)
Lunar Module

1-2 (low)

Not-smooth (rough): non-continuous
and/or uneven surface, broken, bumpy

Boeing X-32

Example
The Space Shuttle displays positive smoothness (surface of Orbiter, surface of
External Tank, surfaces of Solid Rocket Boosters) with continuity of form and line.

4.3.4

Seamlessness (Surface and Form)

Seamless (from Merriam-Webster) denotes a lack of seams, connotes a lack of
awkward transitions, interruptions, and indications of disparity, and indicates perfection
and lack of flaws. This characteristic can be further identified as a unified form, which
can be shown by a lack of modularity. The system form (or Outer Mold Line) contains all
of its core functions. In a seamless artifact, seams are minimal and not highly visible, the
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artifact is well put-together, and it could be described as tight and well crafted (indicating
tight tolerances, lack of visual or tactical creakiness).
Seamlessness is an aesthetic characteristic of elegant artifacts. Seamlessness is
present to a large degree in each of the four artifacts that were examined in depth. Of the
four artifacts, the iMac (Apple Desktop) and the Apple iPhone display the highest
degrees of seamlessness. The Boeing 707 and the PalmPilot Professional display the least
amount of seamlessness, although their degrees of seamlessness are still above average.
These two artifacts will be discussed in the examples below. Seamlessness contributes
idea that elegant artifacts display high levels of unification. Billow notes that “Elegant
solutions encompass the whole system" (Billow 1999, 92). Leff describes the idea of
unification based on hierarchical balance (Leff 1997, 8), theming (Leff 1997, 29), and
resolution of “tension between details and unity of the whole” (Leff 1997, 9). Further
supporting the importance of seamlessness, Schumacher also stresses that elegant
systems are “so highly integrated that they cannot easily be decomposed into independent
subsystems – a major point of difference in comparison with the modern design paradigm
of clear separation of functional subsystems” (Schumacher 2007, 31). Elegance requires
seamless integration of elements, and is never “merely additive” (Schumacher 2007, 32).
This ordered complexity is based on several factors, including the “number… and density
of relationships between distinguishable items”, and can be used to “establish a visible
conference and unity across the differentiated system” (Schumacher 2007, 30). Elements
of a system are interpreted by the viewer with a bias towards “fewer rather than more”
(Lidwell et al. 2010, 144-145).
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Measurement
Seamlessness can be quantitatively measured via the number and depth of seams,
boundaries between elements (size, scope, interface complexity), and by identifying
separate visual themes in the elements. Seamlessness can also be quantitatively measured
by measuring in the manufactured artifact gaps and deformation due to poor
workmanship, low quality, or bad design. More exacting quantitative measurement may
be derived from the ratio of seams to surface.
Table 4.8 provides an example of a 1-5 assessment scale that can be used to assess
the seamlessness of an engineered artifact. Example artifacts are provided for each rating
level.
Table 4.8: Proposed measurement scale for seamlessness.
Seamlessness

Description

Example

5 (high)

Minimal or no visible seams,
common visual theme among
elements.

iPhone 4, Apple iMac,
Concorde, Falcon Launch
Vehicle, Lifting bodies

3 (neutral)

Visible seams and similar
visual themes

Ares I-X, Apollo CSM,
Soyuz Spacecraft

1 (low)

Large number of visible
seams, lack of common visual
theme

Space Shuttle, International
Space Station,

Examples
The Space Shuttle displays negative seamlessness (observable different visual
themes of color and material, many seams between thermal tiles on Orbiter, obvious and
abrupt interfaces between system elements, seams between Solid Rocket Booster
segments, and visual creakiness during launch sequence). In comparison, the Saturn
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V/Apollo system displays positive seamlessness (observable similar themes of color and
material, few visible seams per surface area, few visible abrupt interface changes between
system elements).
The Disney Monorail exhibits smoothness (surface quality) and seamlessness
(non-abrupt transitions between segments, common visual color and material themes).
As a modern jet airliner, the Boeing 707 displays positive seamlessness. An
aircraft with a more integral wing and body mounted engines, such as the Concorde,
would have an even higher degree of positive seamlessness. An aircraft with more abrupt
and sharp transitions, as well as larger and more obvious gaps, such as the X-32, displays
degrees of negative seamlessness, and would be similar in degree of seamlessness to the
Space Shuttle launch configuration.
The PalmPilot Professional displays neutral seamlessness due to its obvious
interlocking seams and the resultant flex/creakiness of its all-plastic construction which is
balanced out by its integrated form. The PalmPilot V, with an all-metal, more seamless,
less flexible casing, displays higher seamlessness, and the iPhone 4, with its almost
entirely seamless and highly stiff glass and metal construction, displays even higher
seamlessness.

4.3.5

Gracefulness
Gracefulness has multiple meanings, including attractiveness or charm from

proportions, and ease of movement and expression. Gracefulness also includes grace in
spite of appearance, or precision or craft.
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Grace deals with the expressiveness of a system: favorable impressions,
attractiveness, charm. Grace also is indicative of “elegance”: “The attractiveness or
charm belonging to elegance of proportions, or (especially) ease and refinement of
movement, action, or expression.” Gracefulness implies the quality of a system, being
attractive or pleasing, and therefore imparting beauty. The mythological origins of grace,
as the sister-goddesses who bestow beauty and charm, demonstrate a distinctly feminine
connotation, which further ties into the idea of elegance being characterized by the
feminine (Gelernter 1998, 133, 10, 41, 42, 40). Similar to elegance, gracefulness lacks a
standardized non-aesthetic definition (Sibley 1959, 422-423). Elegance comes from the
Latin elegans, meaning “graceful propriety” (Leff 1997, 4). Graceful is one of the
specific categories of beauty (the sublime, the tragic, the comic, the graceful, the
humorous) (Hofstadter and Kuhns 1976, 570-571). Of those five categories, graceful is
closest to the idea of elegance.

Measurement
Gracefulness can be measured qualitatively via the discussed rating scale. Unlike
symmetry and seamlessness, gracefulness lacks a standardized approach for quantitative
measurement. However, gracefulness includes characteristics of being light, which can be
measured as implications of weight or mass. Gracefulness implies ideas such as style,
taste, lithesome, and feline, which are also covered by the aesthetic characteristics of
novel, visually simple, and slender. The aesthetic characteristic of gracefulness is
qualitatively measured by (apparent) weight in conjunction with form. Graceful form is
measured in terms of slenderness, with descriptors such as lithesome and feline.
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Table 4.9 provides an example of a 1-5 assessment scale that can be used to assess
the gracefulness of an engineered artifact. Example artifacts are provided for each rating
level.

Table 4.9: Proposed measurement scale for gracefulness.
Gracefulness

Description

Example

5 (high)

Light and slender
(elongated)

Palm V (late 1990s)
iPhone 5S (2014)
Samsung Galaxy Note 3 (2014)
Concorde
Boeing 787
Soda can

4

iPhone 4 (2010)
PalmPilot Professional (late 1990s)
Boeing 707
Lunar Module
Zeppelin-Type airship
DC-3

3 (neutral)

Light and round or
heavy and slender

Space Shuttle

2

Boeing X-32
Jeep
Zoomer PDA

1 (low)

Heavy and stubby

Bowling Ball
CRT Television

Example
For the original Apple iMac, Jonathan Ive pushed a futuristic design that “was
curved, playful looking, and did not seem like an unmovable slab rooted to the table”. Per
Ive: “It has a sense that it’s just arrived on your desktop or it’s just about to hop off and
go somewhere” (Isaacson 2011, 349). The “plastic casing… was translucent so that you
could see through to the inside of the machine”. Per Ive: “We were trying to convey a
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sense of the computer being changeable based on your needs, to be like a chameleon”
(Isaacson 2011, 349-350).

4.3.6

Slender

The aesthetic characteristic of slender implies that the artifact is slim and lean,
with a visible lack of excess.
Elegant artifacts are “not over designed” (Leff 1997, 12). The intentional removal
of curves on the casing of the PalmPilot Professional resulted in a smaller device:
“Curves never subtract space–they always add space” (Butter and Pogue 2002, 82). The
goal of the follow-on to the PalmPilot, the Palm V, was to produce the “slimmest, most
elegant and sophisticated-looking palmtop” (Butter and Pogue 2002, 205). Excess is the
opposite of elegance, producing additional complexity in an already complex system. The
enemy of elegance is not complexity. The enemy of elegance is excess (May 2010, 105).
Gelernter feels that elegant technology disappears: “…technology’s single most
important obligation is to get out of the way” (Gelernter 1998, 50). But again, this
intangibility, this elusiveness and ambiguity, is important. Per May: “The same penchant
we have to “fill in”, to add, is exactly why elegance, being subtractive, is so elusive”
(May 2010, 23). May considers this idea, which he calls “Subtraction”, one of his four
principles of elegance.
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Measurement
Slender can be quantitatively measured through ratios of the primary dimensions
of an artifact, which includes such ideas as aspect ratios. The slenderness of an aircraft
can be measured based on aspect ratio, and by measuring the length of the aircraft (noseto-tail), versus the height of the aircraft ventral surface to dorsal surface. The slenderness
of a consumer device can be measured in a similar fashion.
The table below provides an example of a 1-5 assessment scale that can be used to
assess the slenderness of an engineered artifact. Example artifacts are provided for each
rating level.

Table 4.10: Proposed measurement scale for slender.
Slender

Description

Example

4-5 (high)

High ratio of length to
thickness, visible lack of
excess

iPhone 4 (2010),
Apple iMac (2013),
Concorde,
Falcon Launch Vehicle

3 (neutral)

Neither slender nor excessive

PalmPilot Professional
(1990s)
Apple iMac (late 1990s)

1-2 (low)

Low ratio of length to
thickness, obvious excess

Space Shuttle
Boeing X-32

Examples
The Concorde exhibits positive slenderness, whereas the X-32 and the Space
Shuttle have negative slenderness. The Lunar Module is more difficult to assess, but one
approach is to look at features of the form. In this, the Lunar Module displays neutral-topositive slenderness due to its landing legs, and measurably thin structure. The “bare
metal” aesthetic of the lunar module also implies a lack of excess.
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4.3.7

Visual Simplicity

Visual simplicity implies the parts of an artifact are easy to understand. Visual
simplicity also implies a lack of ornate patterns or vivid contrasting colors.
Visual simplicity is an aesthetic characteristic of elegant systems. The visually
simple aesthetic is present in the elegant artifacts that were examined. Two of the
artifacts (the Apple iMac and the Apple iPhone) were designed by Jonathan Ive, who was
influenced by the style and philosophy of Dieter Rams. Rams possessed an intense dislike
of “visual chaos” (Lovell 2012, 348). “Elegance allows for an increased programmatic
complexity to coincide with a relative reduction of visual complication” (Schumacher
2007, 35). With all else being equal, the system that aesthetically appears the least
complex to the end-user will be the more elegant: “These concepts become useful when
considering what constitutes complexity in systems, particularly when the attractiveness
of two alternative systems is being evaluated. For two systems meeting the defined
functional requirements of the system equally, the system with the least effective
complexity is the more elegant one” (Billow 1999, 61). Good design maximizes the
“ratio of relevant to irrelevant information in a display” (Lidwell et al. 2010, 224-225).
“Color is used to “group elements, indicate meaning, and enhance aesthetic” (Lidwell et
al. 2010, 48-49).

Measurement
Guy Birkin provides a measurement approach involving the “subjective
perception of visual complexity” (Birkin 2010, 10). This approach sorts digitized

107

representations of an artifact’s surfaces by file size. For example, Birkin measures the
size of compressed image files: “It is readily apparent that the clustering of image types
mirrors Langton’s arrangement of Wolfram’s four complexity classes: The simple,
uniform images come first, followed by increasingly complex repetitive patterns, and
finally the most random images are found at the end” (Birkin 2010, 175). Birkin’s
experiments “…provide empirical evidence for the hypothetical inverted U correlation
between file compression and perceived complexity (Birkin 2010, 272). Using the
examples from Birkin’s work, with the addition of a midpoint measurement, one could
develop a method to sample a surface of an artifact and quantitatively measure it in terms
of file size. For purposes of demonstration, visual simplicity is measured through
observation.
Table 4.11: Proposed measurement scale for visual simplicity.
Visual Simplicity

Description

Example

5 (high)

Simple and uniform, minimal
color

iPhone 4
Apple iMac (Graphite)
Concorde
PalmPilot
Palm V
Boeing 707

4
3 (neutral)

Apple iMac G3 (Bondi Blue)
Ordered patterns and related
(non-contrasting) colors

2
1 (low)

Apple Desktop Operating
System
Apple iOS Operating System
Windows 7

Ornate random patterns and
random vivid contrasting
colors
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Windows 8

Table 4.11 provides an example of a 1-5 assessment scale that can be used to
assess the visual simplicity of an engineered artifact. Example artifacts, both hardware
and software, are provided for each rating level.

4.3.8

Novelty (Overall Form)

Novelty indicates that the artifact is of a new style, fresh, or advanced. The
challenge of how to assess novelty remains; novelty is by definition related to the “new”
of the “then,” and therefore is difficult to repeatedly measure or observe from a different
time-frame. Characteristics of what is considered to be elegant as of now (2014) can be
visually traced back to the artistic, architectural, and industrial design movements from
the second quarter of the twentieth century (1920s through 1950s). In 2014, these
aesthetic characteristics are observable both in the examples of elegance from the
literature, and in additional elegant artifacts prior to the 1920s.
Novelty is an aesthetic characteristic of elegant artifacts. According to the Most
Advanced Yet Acceptable (MAYA) principle, “Aesthetic appeal” relies both on the ideas
of “familiarity and uniqueness” (Lidwell et al. 2010, 162-163). Therefore a good design
is both aesthetically novel and tied to existing approaches. Per Leff: “Elegant design has a
sense of history” (Leff 1997, 19).
The idea of novelty as “most advanced” was previously represented by “most
streamlined” (Lidwell et al. 2010, 162-163). The four elegant artifacts examined are all
aesthetically novel based on observations of competing systems of the time, but are not
so aesthetically different that they are unidentifiable (Isaacson 2011, Linzmayer 2004,
Cook 1991, Fancillon 1999, Butter and Pogue 2002). “The more prototypical an object is,
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the more it will be aesthetically preferred” (Whitfield & Slatter, 1979 as referenced by
Hekkert et al. 2003, 112). (Billow 1999, 56). Elegant systems are, in general, more
successful and enduring that inelegant systems” (Billow 1999, 56, 63).
Scientific studies have empirically demonstrated that both typicality and novelty
help to explain aesthetic preference for a wide range of consumer products (Hekkert et al.
2003, 116). Novel artifacts are likely to stand out: “…noticeably different things are more
likely to be recalled than common things” (Lidwell et al. 2010, 254-255).

Measurement
Hekkert et al demonstrated an approach to measuring novelty on a nine-point
scale between not-original and original (Hekkert et al. 2013, 114). Initially, the idea of an
advanced design (per MAYA) was associated specifically with streamlining. It has come
to be more broadly defined as novel (Lidwell et al. 2010, 162-163). In addition to
originality, a qualitative scale based on temporal observation and comparison can also be
applied to novelty. The opposite of novel can be familiar or it can be old, which
stylistically mean two different things. In this case, it is suggested for familiar to be the
midpoint, so there must also exist a style that is older than the present. The rating is
novelty is subjective and qualitative.
The following table provides an example of a 1-5 assessment scale that can be
used to assess the novelty of an engineered artifact. Example artifacts are provided for
each rating level along with an indication of the date perspective used for assessment.
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Table 4.12: Proposed measurement scale for novelty.
Novelty

Description

Example

4-5 (high)

Novel

Apple iMac G3 (late 1990s)
Apple iPhone 4 (2014)
Space Shuttle (1980)
Boeing 707 (1950s)
Palm V (late 1990s)

3 (neutral)

Familiar

Boeing 787 (2014)
PalmPilot Professional (late
1990s)

1-2 (low)

Outdated

Apple iMac G3 (2014)
PalmPilot Professional (2014)
Large Analog Cell Phone
(2014)

Example
An Apple iMac G3 looks novel in the late 1990s, but looks outdated in 2014.
This artifact looks novel in the late 1990’s because of its curves and its colored
translucent plastic, and looks outdated in 2014 because of its curves and its colored
translucent plastic.

4.3.9

Streamlining (Overall Form)
Streamlining is an aesthetic characteristic that involves the bare metal aesthetic

and aerodynamic shaping. Streamlining can also be defined as “advanced looking”
(Lidwell et al. 2010, 162-163), smooth of form, and ﬂowing.
Streamlining is an aesthetic characteristics of elegant artifacts. Streamlining is
found on the four observed elegant artifacts, and is tied to other aesthetic characteristics
such as smooth and novel. Modern streamlining was derived from aerodynamics and
wind tunnels, although streamlining as an aesthetic characteristic of good design existed
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well before the concept of streamlining for aerodynamics. The advent of engineering
streamlining brought the curved aesthetic back into the mainstream. Streamlining came to
be adopted by everything from trains (in which the Zephyr made bare metal synonymous
with speed) to product design (Sayre 2004, 406). Streamlining has been identified as
being synonymous to modern (Sayre 2004, 406) and to novel (Lidwell et al. 2010, 162163). Streamlining has a specific physically measurable meaning unlike novelty.

Measurement
Streamlining can be quantitatively measured in several different ways, but the
most obvious is to put an artifact into a wind tunnel and measure streamlining from actual
flow data. Streamlining can also be assessed by methods similar to measuring
smoothness and seamlessness.
Note that there is a difference between stylistic streamlining (on the iPhone or on
the iMac) and functional streamlining (on the Boeing 707). While the streamlining of the
Boeing 707 makes the design more aesthetically elegant, it is inexorably tied to the
functional quality of the aircraft. If streamlining was removed from the iMac, it would be
less attractive, but its functional quality would remain near equivalent. This will be
further discussed in Section 4.4, but is a relevant example of dependence between
aesthetics and usability characteristics.
Table 4.13 provides an example of a 1-5 assessment scale that can be used to
evaluate the streamlining of an engineered artifact. Example artifacts and their year of
release are provided for each rating level.
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Table 4.13: Proposed measurement scale for streamlining.
Streamlining

Description

Example

4-5 (high)

Form exhibits obvious streamlining sleek, lack of excess

Apple iMac G3 (late 1990s)
Apple iPhone 4 (2014)
Space Shuttle (1980)
Boeing 707 (1950s)
Boeing 787 (2014)
Palm V (late 1990s)
Concorde

3 (neutral)

Form is neither sleek nor blocky

PalmPilot Professional (late 1990s)

1-2 (low)

Blocky. Minimal attention to form.
Angular, bulky, visible excess, corners

Typical Desktop PC computer (1990s)
Jeep (1940s)

4.3.10

Visual Unity (Form and Surface)

Visual unity means that the artifact is visually whole. Individual parts are difﬁcult
to discern because they ﬂow into one another. Visual unity implies minimal visible
seams, and color and ﬁnish consistency.
Visual unity is an aesthetic characteristic of elegance. Elegant artifacts display
obvious visual integration, despite their complexity or number of parts, and convey a
“primary visual impact of an overall… shape” (Billington 1983, 270). “Elements in a
design should be aligned with one or more other elements. This creates a sense of unity
and cohesion, which contributes to the design’s overall aesthetic and perceived stability”
(Lidwell et al. 2010, 24-25). “Elements that are connected by uniform visual properties,
such as color, are perceived to be more related than elements that are not
connected”(Lidwell et al. 2010, 246-247).
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Measurement
Visual Unity is the overall aesthetic characteristic of elegant systems. It is most
effectively represented by multiple other aesthetic characteristics of elegance, including
seamlessness, visual simplicity, and smoothness, and is not measured directly.

4.3.11

Negative Aesthetic Characteristics

Aesthetic characteristics which are negatively related to elegance were also
identified. While these negative aesthetic characteristics were not assessed further, they
are included within this section for completeness and as a check on the aesthetic
characteristics related to elegance. They are described in Table 4.14 below.

Table 4.14: Negative aesthetic characteristics.
Negative Aesthetic
Characteristic

Justification/Observation

Rationale

Postmodernism
The sense that the parts can
never form a unified whole

Not observed in the artifacts
identified as elegant by the
literature
“This sense of disjunction, the
sense that the parts can never
form a unified whole” (Sayre
2004, 191)

Postmodernism, with its antivisual-unity, appears to be the
opposite of the aesthetics of unity
found in elegance.

Ornateness
Ornate additions or
decorations

Not observed in the artifacts
identified as elegant by the
literature
Signal-to-Noise Ratio (Lidwell et
al. 2010, 224-225)
Sullivan’s idea of ‘spirit’, which
called for ornamental detail
(Sayre 2004, 371)
Excessive fins on 1950s Cadillac
automobiles (Sayre 2004,
410)

Elegance appears to use distinctly
non-ornate additions. Ornateness
implies visual complexity, which
is the opposite of the visual
simplicity desired in elegance.
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Negative Aesthetic
Characteristic

Justification/Observation

Rationale

Vivid and Complex
Patterns
Patterns that involve both
vivid colors and complex
patterns

Not observed in the artifacts
identified as elegant by the
literature. The muted plastic
colors of the Apple iMac
casing could be considered to
be vivid, but their resulting
pattern is not complex.)
Signal-to-Noise Ratio (Lidwell et
al. 2010, 224-225)

A combination of complex
patterns and primarily vivid
colors are indicative of the lack
of visual simplicity and unity
characteristic of elegance.

4.3.12

Summary
Of the nine identified aesthetic characteristics of elegant artifacts, eight are

sufficiently distinct and measurable to allow the development of qualitative assessment
scales. Applications of a subset of these aesthetic characteristics will be discussed in
Section 4.4.

4.4 Study on the Subjective Measurement of Elegance SubCharacteristics
As discussed in sections 4.2 and 4.3, many of the identified characteristics of
elegance have the potential for quantitative measurement. However, it must be
recognized that there will be times, due to timeframe, available budget, or required
fidelity (e.g. conceptual design versus detailed design), when subjective measurement of
the characteristics is preferred and appropriate. An advantage of this elegance
measurement framework is that it can accommodate both quantitative and qualitative
inputs. While an individual can conduct a subjective assessment of the characteristics of
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aesthetics and usability in an artifact, it is of interest here to evaluate methods by which
data from multiple sources can be collected and combined, especially in cases where
subjective measurement methods are applied.
Because of the psychophysical nature of the characteristics of elegance as
discussed in Chapter 2 and section 4.1, the method, by necessity, must provide an
approach for assessing the quality of the various inputs in a situation where the objective
truth may be unknown. The Bayesian Truth Serum (BTS), developed by Drazen Prelec in
2004, and demonstrated in a variety of experiments by Prelec and others, provides such
an approach.
This method is Bayesian because it draws from a “sample of rational (i.e.,
Bayesian) expected value-maximizing respondents” (Prelec 2004, 462). However, the
BTS process does not assume preexisting knowledge of the statistical prior (Prelec 2004,
462).
Previous approaches to experimentally measuring subjective characteristics such
as aesthetics, can be found in the experiments related to the aesthetic-usability effect. For
example, Hassenzahl had study participants rate MP3-Player skins on “a 7-point bipolar
scale with the verbal anchors ugly and beautiful” (Hassenzahl 2004, 325). Using this
ratings scale, beauty was ranked using both mean and standard deviation. A visual review
of the skins shows the study to be purely subjective. The ugliest skin (Danzig) looks like
a devil skull, while the next ugliest skin (w98) looks like Microsoft Windows 98. The
most beautiful skin (QuickSkin) looks like Apple QuickTime, and has a mean rating of
0.89, with the next most beautiful skin having a mean rating of 0.53 (Hazzenzahl 2004,
326). Studies by Kurosu and Kashimura, and Tractinsky, measured the aesthetics factor,
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with each of nine possible configurations rated on a 1-10 scale based on three attributes,
one of which was aesthetics (Tractinsky et al. 2000, 131-132). This approach to
manipulating aesthetics was found to be statistically significant (Tractinsky et al. 2000,
135). Neither of these approaches demonstrate a method to measure the truthfulness of
the respondents’ subjective assessments, or a consistent way to combine inputs from
experts and non-experts.
To demonstrate the applicability of the Bayesian Truth Serum method to the
assessment of elegance, a pilot survey was conducted and the result used to generate
valid characteristic scores, even for characteristics that cannot currently be quantitatively
measured, such as visual unity.

4.4.1

The Survey
The survey “Aesthetic Characteristics of Elegant Systems” was designed to

gather data to demonstrate the qualitative measurement of aesthetic characteristics of
elegance. Qualtrics, a web-based survey system, was used to administer the survey and
collect the data. The survey targeted engineering students studying Mechanical, Industrial
or Manufacturing Engineering (primary) and faculty in Mechanical, Industrial or
Manufacturing Engineering. Twenty-eight survey responses were collected. The time
spent by each subject was estimated to be less than fifteen minutes. Data was collected
between August 12, 2013 and August 25, 2013. The respondents were not given any
additional information on the definitions of the aesthetic characteristics being assessed.
Each respondent assessed the aesthetic characteristics and elegance of four
artifacts: the Apollo Lunar Module, Concorde, the Space Shuttle, and the Boeing X-32.
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While the selection of the artifacts did not influence the ability to demonstrate the
method, the systems selected were all real, operational, aerospace systems built during
the second half of the twentieth century. Each of these systems became operational in a
different decade, with the Apollo Lunar Module first landing on the moon in 1969, the
Concorde entering passenger service in 1976, the Space Shuttle being declared
operational after STS-4 in 1982, and the X-32 taking its first flight in 2000.
The survey materials, included as Appendix A, show two photographs of each
system, give a description of the system that discusses the usability of the system in terms
of capability and convenience, and ask the participant to rate either a single aesthetic
characteristic or the overall elegance of the artifact. Respondents were asked to provide
ratings using a 5-point Likert scale. As required to support the BTS calculations,
respondents were also asked to estimate the distribution of other survey responses to
support the development of the prior distribution required to combine subjective data.
Since a Likert scale was used, the questions were “presented as a declarative sentence,
followed by response options that indicate varying degrees of agreement with or
endorsement of the statement” (DeVellis 2012, 93). A neutral midpoint was included. An
example survey question is shown in Figure 4.5.
Four randomized questions were selected for the survey. The first three questions
were selected because at the time the survey was constructed, these aesthetic
characteristics had been definitively identified as strongly indicative of the aesthetics of
elegant artifacts. The fourth question (pertaining to elegance directly) was selected to
collect data on subjective assessment of elegance for future use.
•

The system pictured and described above displays visual unity
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•

The system pictured and described above displays symmetry

•

The system pictured and described above displays smoothness

•

The system pictured and described above displays elegance
The survey was limited to eight total questions (two per system), with one

endorsement and one prediction for each system, based on the availability of student
participants in the summer months. For the survey, each participant was asked to endorse
one aesthetic characteristic for each of four systems and to provide expected sample
proportions for each response. Definitions for these aesthetic characteristics were not
given to the respondents. While the absence of definitions may have increased the
variability of the results, it did not affect the demonstration of the assessment method.
For each of the systems, the survey data included a list of endorsements and expected
proportions for each of the four characteristics.
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Figure 4.5: Example survey question for single system.

4.4.2

Collected Survey Data
Twenty-eight responses were collected. Each respondent assessed one randomized

aesthetic characteristic for each of the four artifacts. The total number of collected data
points per question for any artifact (sixteen combinations) was significantly less than
twenty-eight. In addition, not all respondents provided a complete set of responses for
the sample proportions which reduced the amount of available data for the demonstration.
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The Apollo Lunar Module had the largest number of respondents, with 11
respondents assessing the artifact’s visual unity. The survey data is shown in Figure 4.6.

Figure 4.6: Visual unity responses for the Apollo Lunar Module (n = 11). Endorsed
responses (left); expected proportions (right).

The chart on the left shows the endorsed responses for visual unity of the Apollo
Lunar Module, and the chart on the right shows the survey participants’ estimated sample
proportions for visual unity of the Apollo Lunar Module (for all respondents).

While no endorsements of strongly disagree were recorded, participants’
perceptions of the amount of visual unity are spread out across the other responses. There
is no obvious consensus among the survey participants, indicating that this characteristic
may be difficult to perceive without specific training and experience. As shown in the
sample proportions, while no participant endorsed strongly disagree, all participants
predicted that strongly disagree would be endorsed by at least some of the participants.

4.4.3

Demonstration of the BTS Method

“The algorithm is naturally suited to open access implementation, which is
often presented as a special virtue of markets (2, 6, 7). Since truth is not
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associated with a statistical average but with the opinions of winners, there
is no need to screen for expertise. The less informed individuals will not
disturb the outcome, but will only subsidize those who are more informed.
Over time, self-selection and attrition should lead to a situation where
experts predominate in the active player pool. In this sense, the BTS
algorithm enforces a meritocratic outcome by an open democratic
process.” (Prelec and Seung 2010, 8)
Using the collected data, the BTS algorithm can be applied to generate a score for
each characteristic. The following steps implement the algorithm (Prelec and Seung 2010,
3-4):
1) For each question, calculate the average of the all endorsements and the
geometric mean of the predictions. Zeros in the geometric mean are taken into account by
trimming.
A) Calculate the average of all of the endorsements:
(1)
B) Calculate the geometric mean of the predictions:
(2)
2) Calculate the BTS score of each individual respondent as the sum of
information score plus prediction score. Note that the prediction score is zero (best case)
when an individual predicted distribution is equal to the average endorsement. A higher
information score is calculated when the individual endorsement is more common than
predicted by the predicted distributions, and a lower information score is calculated when
the individual endorsement is less common than the predicted distribution. “The scoring
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formula is zero-sum. Zero-one predictions are trimmed, e.g., to .01 and .99” (Prelec and
Seung 2010, 9).

= Information score + prediction score
(3)

3) For each answer k, calculate the average BTS score of all individuals endorsing
that answer k:
(4)
4) Select the endorsement k that maximizes this BTS score, which determines the
endorsement as predicted by BTS. As k represents the 1-5 score for the characteristic
being assessed, the resultant k indicates the collective subjective measured value of the
characteristic.

For purposes of demonstration calculation, the question that received the most
responses from the survey is used. Eleven responses were received for the first question
on the Apollo Lunar Module: “The system displays visual unity”. A sample size of 11 is
sufficient to obtain meaningful results (Miller et al. 2013).

1) For each question, calculate the average of the all endorsements and the
geometric mean of the predictions

A) Calculate the average of all of the endorsements using equation (1).

123

Strongly Disagree (k=1)
(1)

Disagree (k=2)

Neither Agree Nor Disagree (k=3)

Agree (k=4)

Strongly Agree (k=5)

B) Calculate the geometric mean of the predictions using equation (2).
(2)
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2) Calculate the BTS score of each individual respondent as the sum of
information score plus prediction score using equation (3).

= Information score + prediction score
(3)

For recipient 1

Respondent 1 endorsed k=5:
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Note that for the equation above, the first term is trimmed to 0*0.1 and the sixth term is
trimmed to 0*1.

For all recipients:

3) For each answer k, calculate the average BTS score of all individuals endorsing
that answer k using equation (4):

(4)
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No recipient endorsed k=1 for this question. While the first term is trimmed to 0.9091,
the second term sums to zero, because no recipient endorsed zero.

4) Select the endorsement k that maximizes this BTS score, which determines the
endorsement as predicted by BTS.

For the eleven responses, the k with the highest BTS score is k = 5, “the Apollo
Lunar Module displays visual unity”. This result demonstrates the use of BTS to generate
an assessment of an aesthetic characteristic based on multiple subjective inputs. While the
subjective nature of the assessment does not allow for the resultant measurement to be
objectively validated, the method provides a consistent, repeatable way to elicit users’
truthful perceptions of the manifestation of elegance. Tying this approach back to other
methods, which have been used to measure characteristics related to aesthetics and
usability (such as the aesthetic-usability experiments discussed in the chapter 2 – Kurosu
and Kashimura 1995, Tractinsky 1997, Tractinsky et al. 2000, Hassenzahl 2004), BTS
offers a more valid approach to collecting related data, in that it uses a repeatable
approach to value and reflect truthful answers.
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Future BTS analysis related to the characteristics of elegance can benefit from
lessons learned during the course of this study. It should be noted that there seemed to be
confusion on the part of the respondents related to the correct approach for estimating
sample proportions, with some sample proportions not provided, indicating a need for
enhanced instruction or alternate interface approaches. Additionally, the responses
indicate some confusion with the specific definitions of the aesthetics-related
terminology, which also points to the need for enhanced instruction or a pre-briefing on
aesthetics. In future work, survey instructions should be improved and the survey
participants could be specifically selected based on their applicable and appropriate
knowledge of design and aesthetics.
Another potential application of this approach could be used to validate claims of
elegance in the literature. For example, one claim is that pilots think that the DC-3 is
elegant while the Ford Tri-Motor is inelegant. Pilots would, by definition, be subjectively
measuring the aesthetic characteristics of the artifacts in question, and an experiment
based on this approach would be applicable (Griffin 2010, 3).
Overall, the experimental approach, including collecting the data via a survey and
using an assessment method such as Bayesian Truth Serum, appears to be suitable for
generating a qualitative measurement of the characteristics of elegant artifacts, and also
to be useful in improving the validity and consistency of subjective data related to
aesthetics and usability.
The BTS example results in an endorsed measurement of 5 (high manifestation of
visual unity) for the Apollo Lunar Module. Section 4.5 will discuss the measurement
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axioms that are used to interpret a set of individual sub-characteristic measurements into
an overall assessment of elegance.

4.5 Application of the Measurement Framework
The measurement scales for the three usability characteristics and eight aesthetic
characteristics have been defined in sections 4.2 and 4.3. Each characteristic is scored on
a 1 through 5 scale, with 3 as a neutral midpoint. For any artifact being assessed, a
characteristic measured to be 1 or 2 indicates that the artifact has an inelegant
manifestation of that characteristic, with 1 being more inelegant than a 2. A characteristic
measured to be 3 indicates that the artifact has neither an elegant nor an inelegant
manifestation of that characteristic. A characteristic measured to be 4 or 5 indicates that
the artifact has an elegant manifestation of that characteristic, with a 5 being more elegant
than a 4. This model contains two levels of elegance and two levels of inelegance, so that
two artifacts that are both elegant or both inelegant can be relatively compared. In the
conceptual composite aesthetic-usability framework representation of elegance discussed
in section 4.1, the elegance quadrant (upper right) is indicated by above-average
composite scores in both aesthetic characteristics and usability. While a method for
calculating a composite score for aesthetics or usability is outside the scope of this
dissertation, logical conclusions can still be drawn from the dominance model approach
discussed herein, for interpreting the measurement results.
First, if all aesthetic OR usability characteristic scores are 3, the artifact is
measured to be outside of the elegant quadrant (although not definitively inelegant, the
artifact is not measured to be elegant). Second, for either aesthetic OR usability
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characteristics, if the maximum of any characteristic score is 3, and there exists at least
one score less than 3, then the artifact is measured to be outside of the elegant quadrant,
and measured to be inelegant. This result occurs because, while the composite score
cannot be calculated, it is logical that having one score less than 3 will result in a
composite score less than 3. If an artifact is measured to have at least one score of greater
than or equal to 4 for both an aesthetic AND a usability characteristic, with no aesthetic
OR usability characteristic score less than 3, the artifact is measured to be elegant. Any
other combinations of characteristics do not result in a definitive conclusions regarding
elegance or inelegance, although the scores can be used to provide a relative dominance
model for comparison between two related artifacts.

4.5.1

Hypothetical Data

Hypothetical measurement of 4 aesthetic characteristics and 3 usability
characteristics is discussed:

1.

Artifact A: Aesthetic characteristic scores {4,3,3,3} AND usability characteristic
scores {4,3,3} -> Elegant

2.

Artifact B: Aesthetic characteristic scores {4,3,5,3} AND usability characteristic
scores {4,3,4} -> Elegant

3.

Artifact B is more elegant than Artifact A (both are elegant)

4.

Artifact C: Aesthetic characteristic scores {4,3,4,4} AND usability characteristic
scores {4,3,4} -> Elegant
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5.

Artifact B and Artifact C cannot be relatively compared (both are elegant)

6.

Artifact D: Aesthetic characteristic scores {3,3,3,3} AND usability characteristic
scores {4,3,3} -> Not elegant

7.

Artifact E: Aesthetic characteristic scores {3,3,3,3} AND usability characteristic
scores {2,3,3} -> Inelegant

8.

Artifact F: Aesthetic characteristic scores {4,3,2,3} AND usability characteristic
scores {4,3,3} -> Cannot be determined.

9.

Artifact G: Aesthetic characteristic scores {5,3,2,3} AND usability characteristic
scores {5,3,3} -> Cannot be determined

10. Artifact G is more elegant than Artifact F (but it is possible that neither G nor F is
elegant)

4.5.2

Measurement Example
Carrying over the subjective measurement example from section 4.4, the visual

unity aesthetic characteristic of the Apollo Lunar Module was subjectively measured to
be 5 (note that visual unity does not currently have an accompanying measurement scale).
Using the measurement axiom examples above, if the other aesthetic characteristics were
subjectively or quantitatively measured to all be 3 or higher, it could be decisively
concluded that the Apollo Lunar Module was aesthetically elegant. As it was discussed in
section 4.3, the Apollo Module can be assumed to have the following scores: Symmetry
4-5, Smoothness 3, Seamlessness 3, Gracefulness 4, Slender 3-4, Novelty 4-5 (assessed
in 1969). Visual Simplicity and Streamlining are more challenging to assess. The Apollo
Lunar Module lacks ornate random patterns and random vivid contrasting colors, and
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displays ordered patterns and non-contrasting colors, so a score of 3 could be assumed for
Visual Unity. The Apollo Lunar Module displays some of the alternate definitions of
streamlining as discussed in section 4.3: bare metal aesthetic and advanced looking. A
plutonic solid blunt faceted cone (frustum) could best assume the overall form of the
artifact, with the aft end of the artifact being wider than the forward end. The Apollo
Lunar Module is not as streamlined as the Concorde, but it is also not as blocky as the
mid-1990s Desktop computer or the 1940s Jeep. Therefore, a streamlining score of 3 is
assumed.
Looking at the data set of aesthetic characteristic scores for the Apollo Lunar
Module aesthetic {3,3,4,3,4,3,3,5}, the Apollo Lunar Module can be assumed to be
aesthetically elegant. Note that a visual simplicity score of 2 and a streamlining score of 2
would change the scoring set to aesthetic{3,3,4,3,4,2,2,5}. While this would preclude the
ability to classify the artifact as aesthetically elegant, it would result in an aesthetic rating
of cannot be determined (not an aesthetic rating of inelegant).
Measuring the usability characteristics of the Apollo Lunar Module, as discussed
in section 4.2 results in a Capability score of 4-5 and a Specific Functionality score of 45. User Experience is more challenging, but a score of at least 3 is appropriate, given the
nature of its mission, the hostility of its environment, and the simplicity of its
functionality.
Looking at the data set of usability characteristic scores for the Apollo Lunar
Module usability {5,5,3}, the Apollo Lunar Module can be assumed to be usably elegant.
Note that a User Experience score of 2 would change the scoring set to usability {5,5,2}.
While this would preclude the ability to classify the artifact as usability elegant, it would
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result in a usability rating of cannot be determined (this is not the same as a usability
rating of inelegant).
Given these assumptions, with the resultant data sets of aesthetic{3,3,4,3,4,3,3,5}
and usability{5,5,3} characteristics, the Apollo Lunar Module is measured to be elegant.

133

CHAPTER 5

RESULTS AND FUTURE WORK

The measurement of elegance in engineered artifacts can be accomplished by
applying an aesthetic-usability framework. Consistent application of the framework can
confirm the elegance or inelegance of an artifact and provides a basis for relative
comparison between and among related artifacts. The next section provides a
demonstration of the resultant capability to measure elegance in engineered artifacts,
followed by a discussion of potential future work.

5.1 Example Application
Billow identified the Boeing 707 as an example of elegant design. He describes
the 707 as a system that relieved multiple design pressures simultaneously through
technological innovation:
The design of the B707 is an excellent example of how an elegant solution
relieves nearly all design pressures simultaneously rather than just
balancing one constraint against another. As aerospace products often are,
the B707 had many conflicting goals: the optimization of one resulting in
the decline of another... The many innovations incorporated into the 707
broke these paradigms and moved the 707 to an entirely new realm of
performance. As a testament to its superiority, the 707 created the
architecture followed by every successful large commercial jet made to
this day. (Billow 1999, 46)
Additional research into the development of the 707 supports the conclusion that
the system is elegant. The Boeing 707 redefined the experience of flying, both from the
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perspective of the pilot (Cook 1991, 240) and the passenger (Cook 1991, 246). While the
Boeing 707 did not relieve all constraints, it relieved the “right” constraints in order to be
an elegant product and an elegant experience. More than any other class of products,
aerospace solutions have the potential to be elegant as their design is driven by so many
constraints (Leff 1997, 28).
Pan American’s first Boeing 707-121 became operational in October 1958
(Francillon 1999, 46-47), just a few weeks after the launch of Sputnik. Several key
technologies and decisions were influential to the success of the Boeing 707. The use of a
swept wing allowed the Boeing 707 to be capable of higher performance (Cook 1991,
139-140). The effect of wing-mounting the engines on struts allowed greater
aerodynamic performance from the wing, as well as increased comfort and safety (Cook
1991, 160-162). The J-57 derivative jet engines allowed for greater speed, performance,
and passenger comfort (Cook 1991, 205-206, 217-218). The single-pod, strut-mounted
engine architecture of the Boeing 707 allowed upgrade to more fuel efficient turbo-fan
engines relatively easily (Cook 1991, 262). The aircraft was built to be pressurized to sealevel pressure at 22,500 feet of altitude (Cook 1991, 217-218). The fuselage outer
diameter of 148 inches became the Boeing standard for decades, through the Boeing 727
trijet (1963) the Boeing 737 twinjet (1967) and the Boeing 757 twinjet (1982) (Francillon
1999, 46-47). The Boeing 707 was the first aircraft to have its interior designed with the
same care and attention to detail as the exterior, which became a significant differentiator
as the airlines transitioned to more closely-spaced tourist and economy fare seating.
Boeing hired Frank Del Giudice, an industrial designer, to help design the interior of the
Boeing 707. Del Giudice advocated more natural light and doubling the number of
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windows. This gave Boeing a substantial advantage over its competitors when coach
class was implemented, allowing each row to have a window, unlike on the Douglas DC8 (Cook 1991, 246). Milt Heinaman’s interior design group at Boeing, working with Del
Giudice for aesthetic enhancements, developed the now ubiquitous “‘snap-in’ hard wall
system with roller windows shades”, which allowed both for greater durability and
resistance to passenger abuse, as well as airline customization “of patterns and colors.”
All of these touches worked towards “enhanced passenger comfort and acceptance”
(Cook 1991, 246). In the cockpit, Boeing listened closely to the concerns of the airlines
about “the conventional method of lighting the pilot’s instruments, using spot lights and
individual post lights at each instrument.” So, Boeing flight deck designers “invented a
clear plastic sheet, painted black, that could itself be illuminated from within, forming a
layer of light… beveled around each instrument”, creating even and glare-free lighting
(Cook 1991, 247).
The aesthetics of the Boeing 707 are assessed as follows, based on the ratings
scales in section 4.3. Symmetry is measured to be 4-5, due to strong bilateral symmetry
and repetitions of shapes in the wings and tail, the window patterns, and internal seating
configuration. Smoothness is measured to be 4-5, based on the continuous even surfaces
that make up the aircraft. Seamlessness is measured to be a 4, based on the passenger
compartment’s interlocking plastic panels and window shades, common visual themes,
and the flow between major components. Gracefulness is measured to be 4, because the
aircraft looks light and slender. Slender is measured to be 4, with a high ratio of length to
thickness and visual lack of excess. Visual simplicity is measured to be 5, due to simple
and uniform surfaces with minimal color (although garish colors could be present as part
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of an airline color scheme, this value is unlikely to drop below 3 unless random patterns
and vivid contrasting colors are used in excess). Novelty is measured to be 4-5, within the
context of the 1950s. Streamlining is measured to be 4-5, due to the obvious streamlining
present on the aircraft. The minimum measured set of aesthetic {4,4,4,4,4,5,4,4}
characteristics results in a composite score greater than 3, thus measuring the Boeing 707
to be aesthetically elegant.
From a usability perspective, the following measurements can be assumed based
on the ratings scales in section 4.2. Capability is measured to be 4-5, with the artifact
flying higher and faster than competing turboprops, and more reliably than early jet
competitors. Specific Functionality is measured to be 4-5, with the “right” functionality
to appeal to customers and operators, without excessive functionality to increase cost and
decrease reliability. User experience is measured to be a 4-5, with more windows,
enhanced passenger comfort, focused interior design, and glare-free cockpit lighting. The
minimum measured set of usability {4,4,4} characteristics results in a composite score
greater than 3, thus measuring the Boeing 707 to be usably elegant.
With the resultant data sets of aesthetic {4,4,4,4,4,5,4,4} and usability {4,4,4}
characteristics, the Boeing 707 is measured to be elegant.
Having observed and measured that the Boeing 707 is an elegant artifact, next
consider the de Havilland Comet. The Comet was a competitor to the Boeing 707, and
became operational before the Boeing 707.
From an aesthetic characteristics standpoint, both aircraft were similar, but the
Comet located its engines flush to the fuselage, “buried inside the wing root” (Cook
1991, 236). Compared to the Boeing 707, which mounted its engines on struts below the
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wings, this configuration would give the Comet minimally better aesthetic characteristics
in areas such as being perceived as smooth and streamlined, although these could be
balanced out by the assumed lack of interior aesthetics. Therefore, the aesthetic
characteristics scores of the de Havilland Comet would be similar to those of the Boeing
707 aesthetic {4,4,4,4,4,5,4,4} characteristics, thus being considered aesthetically
elegant.
However, from the usability perspective, the de Havilland Comet 1 suffered
multiple failures. The first Comet 1, serving BOAC (British Overseas Airways
Corporation), was “damaged beyond economical repair” in a take-off accident. Over the
next 17 months, five of the first seventeen Comet 1 aircraft were lost, with “the last two
disintegrating in flight”, grounding the program (Francillon 1999, 42). The fact that this
aircraft was removed from service indicates the above-average severity of the problem.
Looking at the usability scales defined in 4.2, the de Havilland Comet 1 can be assessed
as follows: Capability would be measured to be a 1-2, with performance lower than
competing aircraft in terms of reliability and stability that resulted in aircraft losses.
Specific Functionality would be measured to be a 2-3, with insufficient to significantly
insufficient functionality that resulted in aircraft losses. User experience is measured to
be a 1-2, with a highly irritating and negative user experience. The maximum measured
set of usability{2,3,2} characteristics results in a composite score less than 3, thus
measuring the de Havilland Comet 1 to be usably inelegant.
With the resultant data sets of aesthetic{4,4,4,4,4,5,4,4} and usability{2,3,2}
characteristics, the de Havilland Comet 1 is measured to be inelegant.
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A dominance comparison of the usability characteristics between the two artifacts
indicates that the Boeing 707 is more usably elegant than the de Havilland Comet 1,
aesthetically equally elegant to the de Havilland Comet 1, and therefore more elegant
than the de Havilland Comet 1.

5.2 Future Work

This initial version of an elegance measurement framework provides a consistent
repeatable method for evaluating the level of elegance present in an artifact, and for
identifying particular characteristics that could be altered to enhance the elegance of the
system. Future work that builds upon this measurement framework would address
limitations in the framework, increase its ease of application, and improve the fidelity of
measurement.
First, the framework is limited in that it can only effectively be applied to infamily in-time artifacts. A key takeaway from the work is that elegance is contextual. But
it may be useful to be able to compare out-of-time artifacts. For example, how could the
elegance of the DC-3 be compared to the Boeing 707 and to the Concorde? Both axes of
the framework are, in a sense, measuring the complexity-masking aspects of elegance.
While the systems identified as elegant by the literature are complex, they are finitely
complex. Since it can be assumed that elegance in design existed before systems of this
complexity were developed, it may be useful to compare the absolute measurement of
elegance among similar out-of-time systems by plotting elegance against overall level of
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artifact complexity. While elegance would remain finite, the complexity scale could be
logarithmic and infinite, allowing significantly different artifacts to be compared.
Second, the current approach to measuring elegance relies on separate aesthetic
and usability characteristics. Future work could focus on the idea that the characteristics
of elegance currently classified as aesthetic can also be viewed as functional. This would
simplify the assessment framework by establishing a common set of characteristics with
both aesthetic-focused and usability-focused definitions. While the proposed framework
in this dissertation builds off previous ideas that elegance is part aesthetic and part nonaesthetic, and therefore structures the model based on the two areas of form and function,
future work could combine these measurable characteristics into a single list of
form/function characteristics rather than two separate lists of form characteristics and
function characteristics. While eliminating interactions between form and function, this
alternate approach would introduce other complexities related to composite measurement
requirements for each form-function characteristic.
Third, future work could develop composite scores for aesthetics, usability, and a
method for combining the two into a single elegance score. One approach to developing
these composite metrics would be to perform observations, assessment and measurement
of many elegant artifacts, using the resultant data to develop an appropriate weighting
factor for each sub-characteristic. In order to develop a single elegance score, not only
will the weighting of the sub-characteristics need to be defined, but the interactions
between the form and function characteristics of elegance will need to be modeled and
understood. This could result in an overall simplification of the model and the eventual
application of conjoint measurement axioms as discussed in section 4.1.
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Finally, obvious non-independence of aesthetic and usability characteristics can
be found primarily in systems that heavily rely on their form for the performance. For
example, an aircraft relies heavily on its form for capability. So in the case of measuring
elegance, both the aesthetic and the usability characteristic should be modified for these
linked characteristics. For example, using the methodology described in sections 4.2 and
4.3, if an artifact is measured to be positively streamlined and positively capable, and if
the capability of the artifact would degrade if the streamlining was removed, those
characteristics should be seen as linked, and should not be double counted within a
composite score for elegance.
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CHAPTER 6

CONCLUSIONS

Elegant systems are so integrated that it may be impossible to apply existing
systems engineering tools to their design without undesired impacts to their overall
elegance. A higher degree of design elegance brings what systems engineers are always
seeking: consistently high levels of seamless integration and beauty. An artifact can be
considered elegant if it is assessed to be highly usable and if the presence of complexitymasking aesthetic characteristics can be readily observed. A highly usable system, which
treats its form and the inherent manifestation of its aesthetics as an integral part of the
design and development process, and strives for specific manifestations of aesthetic
characteristics, is an elegant system. Users will perceive such a system as simple,
powerful, and pleasing, both aesthetically and from the experience of use. However, the
achievement of this effect takes time and persistence. A consistent method to measure
progress in that direction is essential.
There are two primary contributions that result from this work. First, the work
further defines the concept of elegance in engineered artifacts. This concept establishes
that elegance is more than an aesthetic attribute, including non-aesthetic characteristics.
Second, measurability of elegance is demonstrated by specifically defining the subcharacteristics of this elegance framework and by demonstrating methodologies for
measuring each of the sub-characteristics.
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The end result of this work is a refined definition of what elegance means to
complex engineered systems, an understanding of the physical and psychological
characteristics of elegance, a better understanding of the role of aesthetics and usability in
the elegance of systems, and, most crucially, a framework and experimental approach that
can be applied to an existing system to measure various characteristics related to
elegance.
In answer to the overarching hypothesis, the argument is made that elegance is
measurable, that the measurement of aesthetic characteristics and usability describes
elegance, and that the resultant aesthetic-usability framework is accurate. Key subcharacteristics of usability aesthetic characteristics can be subjectively or quantitatively
measured.
This framework for measuring elegance provides a basis for further research into
both design elegance and aesthetics in engineering. Engineering can benefit from the
inclusion of aesthetics and form in the design process, as well as from an understanding
of how the aesthetics and form work with inherent functionality and usability to create a
better system.
Clearly the definition of elegance occurs somewhere between art and engineering.
In artistic design, elegance is more than aesthetics. In engineering design, elegance is
more than functional. Elegance serves as a unifying function between the two.

“The creative people, who are the ones who care passionately, have to
persuade five layers of management to do what they know is the right
thing to do” –Steve Jobs (Sheff 1985, 58)
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